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ABSTRACT 
The lignin bio ynthetic enzyme Cinnamyl Alcohol Dehydrogenase (CAD, EC 
1.1.1.195) ha been examined in ub. clover (Trifolium subterraneum, cv. Karridale). 
Up to seven different isoforms having varying tissue specificity and native molecular 
weights were found. The main isoform in sub. clover, CADl, is a dimer of native 
molecular weight 84,000. The enzyme has no affinity for sinapyl alcohol and a low 
affinity for coniferyl alcohol (Km = 713). It has structural homology to the CAD2 type 
enzymes of other plants yet resembles the monomeric CAD 1 enzymes in terms of 
ub trate affinity and kinetic properties. Purification of CAD 1 was hampered due to low 
abundance and stability of the enzyme. Sequencing of CADl revealed a blocked N-
terminus to which purification of sufficient material to generate internal fragments for 
sequencing was attempted. 
Physical chemical analysis of sub. clover lignin using pyrolysis-mass spectrometry 
(Py-MS), gas chromatography-mass spectrometry (GC-MS) and Fourier transform 
infrared (FT-IR) spectrometry, showed that all three lignin subunits [p-coumaryl (H), 
coniferyl (G) and sinapyl (S)] were present in the cell wall. Coniferyl units in the form of 
guaiacyl (G) monomers and dimers were the most abundant of all three monolignols 
found in cell wall lignin, this observation was consistent with the activity and substrate 
specificity observed for the major CAD isoform CAD 1. However, the presence of 
sinapyl (S) units indicate that CAD with specificity for this precursor must be present, 
and one of the minor isoforms seen may represent this enzyme. 
Internal forward and reverse degenerate oligonucleotides, designed using a CAD 
amino acid consensus sequence, were used as primers in the reverse transcriptase 
polymera e chain reaction (RT-PCR). A 426 bp. cDNA fragment was amplified, cloned 
and sequenced, revealing high homology to other CAD genes. 
Molecular phylogenetic analysis of all available CAD sequences revealed three 
groups or clas es (A, B & C) based upon both the nucleotide and amino acid sequences. 
Groups A and B contain all the characterised and homologous CAD2 type sequences, and 
group C contain a number of inducible disease resistance genes (EL/3). Amino acid 
equence alignment and modelling of secondary and tertiary structural elements showed 
all equences contained key residues and tructures in common with the NAD/NADP 
dependant family of alcohol dehydrogena es. Homology both within and acros groups 
was higher than that seen for any other sequences, including three NAD/NADP 
dependant dehydrogena e with the closest homology to group A-C. The ub. clover 
cDN A fragn1ent bowed high homology to the group A and B CAD2 type enzymes, and 
i therefore likely to code for a CAD2 type enzyme. 
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CHAPTER 1 
INTRODUCTION 
1.1 General Introduction 
One of the most important biopolymers produced by plants is lignin. It is the 
second most abundant natural compound after cellulose and is a key compound produced 
within the carbon cycle, representing more than 25% of the total terrestrial biomass 
(Boudet, Lapierre & Grima-Pettenati, 1995). Lignin has an important role in the growth 
and development of vascular plants and is fundamental to defence against pathogens. The 
molecule is a major constituent of the cell wall in many species and is involved in the 
formation of structural elements and water conduction throughout the plant. 
Lignin is a complex heteropolymer produced by dehydrogenative polymerisation 
of structurally related monolignols. The monolignols, or lignin monomers, are phenolic 
compounds comprising the three cinnamy l alcohols - p-coumary 1, guaiacy l and sinapy 1 
alcohol., and are products of the lignin branch of plant phenylpropanoid pathway (PPP). 
A key enzyme in the pathway is cinnamyl alcohol dehydrogenase (CAD), which is the 
last tep in the synthesis of monomeric precursors of lignin. CAD converts the three 
cinnamyl aldehydes into their corresponding alcohols prior to polymerisation into lignin. 
The monomeric composition of lignin changes during development and varies 
depending upon the tissue source (Lewis & Yamamoto, 1990; Terashima et al., 1993). 
As well as its structural role, lignin is critical to plant defence and disease resistance, and 
in this respect its production is induced in response to pathogen attack (Kirk, Vance & 
Sherwood, 1980; Nicholson & Hammerschmidt, 1992; Walter, 1992). 
Subterranean clover (Trifolium subterraneum L.), also known as sub. clover, is 
Australia's most important pasture legume (Gladstones & Collins, 1983). It was 
introduced from Europe at some time during the 1830' s. The symbiosis between the 
nitrogen fixing bacteria Rhizobium and sub. clover, through addition of atmospherically 
fixed nitrogen into the soil, has been important in the improvement of soil and pastures. It 
ha enabled the development of much of the Australian cereal industry, and improved 
pa tures u ed in animal production. The Karridale cultivar is a highly resistant variety of 
sub. clover to the fungal pathogen Kabatiella caulivora (Dr. M. Barbetty pers. comm.) 
which cau e a higher level of damage to most other varieties currently in use. 
Currently however, there is little data to explain the mechanisms controlling the 
complex variation in lignin tructure throughout development, and lignification induced in 
re ponse to environmental stresses such as pathogen attack and wounding in any plant 
y tern. Work in elucidating these mechani ms require a comprehensive under tanding 
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of biochemical pecificitie and molecular regulation of the many genes encoding 
enzyme involved in lignin bio ynthe i . However the enzyme involved mu t fir t be, 
phy ically and chemically characterised and the corresponding gene isolated, sequenced 
and characterised before this work can begin. 
The cope of thi thesi represent the fir t examination at the biochemical and 
molecular levels of the lignin synthetic enzyme cinnamyl alcohol dehydrogenase (CAD) 
and tudy of the physical chemical nature of lignin in the legume Trifolium subterraneum 
(cv. Karridale). 
1. 2 The Plant Phenylpropanoid Pathway (PPP) 
Lignin is comprised of monomers which are secondary metabolites synthesised 
by one of the branches off the plant phenylpropanoid pathway (Collinge & Slusarenko, 
1987; Dixon et al., 1983). Figure 1.1 shows the pathway of phenylpropanoid synthesis 
and the branches that lead to the formation of lignin, flavonoids and esters. The general 
plant phenylpropanoid pathway comprises the enzymes phenylalanine ammonia-lyase 
(PAL), cinnamate-4-hydroxylase (C4H) and hydroxycinnamate:CoA ligase ( 4CL). PAL 
first converts phenylalanine into trans-cinnamic acid, which in turn is substrate for C4H. 
The hydroxy lase adds an -OH moiety to position 4 of the aromatic ring to produce 4-
hydroxy cinnamic acid. 4-hydroxycinnamic acid is then converted into a number of 
different product:; by hydroxylation at the 3- and 5- positions, although the exact 
mechani ms and enzyme reactions are not yet clear (for a detailed review of the current 
tatus in this field see Boudet, Lapierre & Grima-Pettenati, 1995). Methylation of 
hydroxyl moieties then occurs via O-methyltransferase (OMT) in the case of precursors 
used by the lignin and ester pathways. 
The next step involves conversion of the above precursor compounds into their 
corre ponding -SCoAs by 4-Coumarate:CoA ligase ( 4CL) prior to sequestering down 
one of the three branch pathways leading to either lignin, flavonoids or esters. The lignin 
pathway enzyme are Cinnamoyl-CoA:NADPH oxidoreductase (CCR), which converts 
the -SCoA into its aldehyde, and Cinnamyl alcohol dehydrogenase (CAD). CAD 
converts the aldehyde into its corresponding alcohol - p-coumaryl (H), guaiacyl (G) and 
sinapyl (S) alcohol. 
The monolignol precur or alcohols ( also known as H, G and S units) are 
ynthe i ed in the cytoplasm then transported across the cell membrane. As the 
hydroxycinnamyl alcohols have low water solubility (Iiyama et al., 1993), they are 
probably converted by a specific transferase/s into the more soluble cinnamyl alcohol 
gluco ides prior to tran port out of the cell (Schmid & Gri ebach, 1982; Schmid et al., 
1982). Once out ide the cell they are released as alcohols by f3-glucosidase prior to 
polymeri ation (Iiyama etal., 1993). Recently, two f3-glucosidases were purified and 
cloned from xylem of lodge pole pine (Pinus contorta) by Dharmawardhana and co-
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workers (1995). The enzyme were hown to be highly pecific for the cinnamyl alcohol 
glyco ide coniferin and yringin, and in itu locali ation demon trated the enzyme 
activity was localised to the same region in differentiating xylem as peroxidase activity 
and newly lignified tis ue. 
COOH 
COOH COOH 
NH2 
PAL C4H 
Phenylalanine Trans-cinnamic Acid 
OH 
4-hydroxycinnamic acid 
COOH 
OH 
... 
... 
~--
Lignin Pathway; 
CO-SCoA 
CCR 
OH 
R1 3 
' 
... 
... 
... 
... 
... 
... 
.,,, 
),!.,,, 
.,,, 
.,,, 
.,,, 
4CL 
... 
... 
... 
... 
... 
... 
CHO 
OH 
.,,, 
... 
Hydroxylation 
Methylation 
.,,, 
.,,, 
... 
... 
.,,, 
.,,, 
... 
CO-SCoA 
... 
... 
... 
R1 ,3 
OH 
... ... ... 
... .,- Flavonoids 
... 
... 
... 
... ... 
......._ Esters 
Transportation 
... 
---- & ---~ Lignin 
Polymerisation 
OH 
Figure 1.1 The Plant Phenylpropanoid and Lignin synthetic pathways. 
Phenylalanine arrin1onia-lyase (PAL) is the first enzymatic step of the general 
phenylpropanoid pathway (PPP) which converts phenylalanine into derivatives of 
cinnamic acid. The pathway then divides into three branches which lead to the formation 
of lignin and the flavonoids and e ters . 
General phenylpropanoid pathway enzymes: Phenylalanine ammonia-lyase - (PAL); 
cinnamate-4-hydroxyla e - (C4H); & Coumarate:CoA ligase - (4CL). Lignin pathway 
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enzymes: Cinnamoyl-CoA:NADPH oxidoreducta e (CCR); & Cinnamyl alcohol 
dehydrogenase (CAD). R1 , R2 =-Hor -O-CH3; R3 =-Hor -OH. 
Polymerisation i generally accepted a occurring via cell wall bound peroxidase 
1n the presence of the co-factor hydrogen peroxide (H20 2) (Iiyama et al., 1993 ). 
However, another enzyme - the polyphenol oxidase called Laccase - has recently been 
implicated in polymerisation via an alternative pathway (Bao et al ,1993; Sterjiade et al, 
1993), and an alternative route via 0 2 and indoleacetic acid has also been demonstrated 
(Ferrer et al., 1990). 
1.3 Cinnamyl Alcohol Dehydrogenase (CAD) (EC 1.1.1.195) 
The enzyme cinnamyl alcohol dehydrogenase (CAD, EC 1.1.1.195) is an NADP 
dependant oxidoreductase that converts the three lignin monomer precursors p-coumaryl, 
coniferyl and sinapyl aldehyde into their corresponding alcohols (see Figure 1.2), which 
are subsequently processed into the lignin polymer matrix (Higuchi, 1990). 
H 
NADPH 
+ H+ 
OH 
"-._ ./. 
OH 
p-coumaryl aldehyde 
(1.1) 
CAD 
OH 
p-coumaryl alcohol 
(1.2) 
Figure 1.2 Enzyniic oxidoreduction of p-coumaryl aldehyde to p-coumaryl alcohol 
via cinnamyl alcohol dehydrogenase (CAD) and NADPH + H+. 
The three monolignols coniferyl (1.2), sinapyl (1.3), and p-coumaryl (1.4) 
alcohol, are based on p-hydroxycinnan1yl alcohol, and differ only by the number of 
1nethoxy side chains present. The literature contains several synonyms for each 
monon1er. The "type" of monolignol is often de cribed by the single letters H, G or S, 
representing p-hydroxyphenyl, guaiacyl and syringyl respectively (see figure 1.3) by the 
lignin structural chemists, they are also called the p-coumaryl, coniferyl and sinapyl 
alcohols or aldehyde respectively by biochenii ts. 
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1. 4 Structure of the Lignin Polymer 
The word lignin is derived from the Latin lignum meaning wood. Lignin has been 
studied as a component of plant tissues for over a century primarily using histochemical 
taining techniques, however only recently has the structure of the polymer been 
determined. At present our know ledge of the process of lignification is small, however 
the structure and subunit composition of the polymer has been progressively elucidated 
over the last five decades (see Brauns, 1952; Freundberg and Neish, 1968; and Higuchi, 
1985). 
Monomer "type" H G 
p-Hydroxyphenyl Guaiacyl 
R R 
Hydroxypheny I 
.. group 
OH OH 
Precursor .., p-coumaryl coniferyl 
(1.2) (1.3) 
Figure 1.3 Lignin monomer structures. 
s 
Syringyl 
R 
'R1 
OH 
sinapyl 
(1.4) 
The three main lignin monomers synthesised by plants comprise a hydroxypheny 1 group 
with a propanoid side chain at position 1-, substitution with a methoxy group at the S-
and/or 3- positions of the aron1atic ring defining the other two monomers. R = -CH=CH-
CH20H (propanoid side chain of alcohol substrate); R1 = -O-CH3 (Methoxy side chain). 
Study of the chemical subunits that make up the lignin polymer may involve one 
of a number of extraction techniques followed by a chemical degradation procedure/s 
prior to analysis of the products produced. Spectrometric studies using: Fourier 
transform of infrared spectra (FT-IR); mass spectrometry (MS) preceded by gas 
chron1atography (GC); and nuclear magnetic resonance (NMR), are a few of the 
important recent tools applied to lignin chemical research. Chemical and analytical 
methods are covered in section 1.4.1 below. 
.. 
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CP-O-4) 
\ 
guaiacylglycerol-
P-aryl ether 
CP-P) 
R 
pinoresinol 
R I 
0 
/ ' / 
'c C 
'c""' ' 
I ' 
R 
R 
phenylcoumaran 
R 
I 
-c-
l 
I C-
-c- \ (5-5) 
\ C-
-C...,. \ 
I 
-c-
l 
biphenyl 
R R 
R 
R 
diary I propane 
I 
-C-
1 \ c-
,,,.c.,,, \ 
(5-0-4) 
diphenyl ether 
Figure 1.4 Known lignin structural bonds. 
1. 6 
o-
Studies of softwood lignin via chemical degradation and spectrometric methods 
demonstrated that the polymer comprises aromatic monomers derived from 
guaiacylpropane (G) units which are connected via ether and carbon-carbon bonds 
(Adler, 1977; Sakakibara, 1980 & 1983). The majority of linkages (40-60%) between 
subunits comprise the guaiacylglycerol-p-aryl ether bond CP-O-4) and can be seen in 
Figure 1.4. Other bonds which are known include: Phenylcoumaran CP-5), 10%; 
Diarylpropane CP-1), 5-10%; Pinoresinol CP-P) , <5 %; Biphenyl (5-5), 5-10%; and 
Diphenyl ether (5-0-4), 5%. (Adler, 1977; Sakakibara, 1980 & 1983; Higuchi , 1990; 
Lapierre, 1993 ;). 
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Figure 1.5 Softwood lignin polymer model structure of Sakakibara (1983). 
The most common type of bond is the guaiacylglycerol-P-aryl ether bond (or P-O-4 
bond) seen between residues 1 and 2, this bond typically comprises 40-60% of all 
linkages in lignin. 
1. 4 .1 Techniques Used in the Analysis of Lignin 
1. 7 
Much effort over the last 40 years has been put into elucidating the structure of 
lignin by determining the kind of chemical bonds that exist between the constituent parts 
of the polymer. This work has involved the development of a number of chemical 
methods which are capable of separating the polymer into individual monomers which are 
amenable to analysis by HPLC, GC/MS, and NMR. Analysis of intact cell walls can also 
be done using MS, and FT-IR or UV spectroscopy. Chemical procedures developed 
early in lignin reseai;ch typically involve extremely harsh conditions to break the chemical 
bonds, therefore the products that have been identified by these procedures are usually 
derivatives of the compounds which made up the original structure (for a comprehensive 
discussion of available methods see: Dence & Lin, 1992). Therefore, models of the 
polymer and its inter unit linkages developed from these methods are not considered by 
all as representing exactly the structure of native lignin (Lewis & Yan1amoto, 1990). The 
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general trend ha been toward the u e of chemical procedure utilising gentler reaction 
condition and mechanism that do not ub tantially alter the original monomer , thereby 
enabling not only identification of the component but elucidation of inter-unit bonding a 
well. 
1) Pyrolysis - Mass spectrometry (Py-MS) 
Py-MS is an extremely useful technique in lignin analysis. A "fingerprint" can be 
obtained enabling qualitative analy is of monomer composition (Scheijen & Boon, 1991; 
Niemann et al., 1991). It involves extraction of plant material by organic solvolysis 
leaving an insoluble extract containing mostly cell wall material enriched in lignin. This 
material is then analysed via direct pyrolysis and mass spectrometry of the pyrolysate. 
The complex mass spectrum obtained will contain diagnostic marker ions due to lignin, 
carbohydrates and proteins which have been identified in a number of important studies 
(Boon, 1988; Ralph & Hatfield, 1991; Meier & Faix, 1992). 
Processing of cell wall lignin extracts with enzymes that digest protein and 
carbohydrate contaminants have been used successfully in the study of tobacco lignin 
from different tissue sources (Scheijen & Boon, 1991). The method utilised a milder 
sample treatment than the previously common and harsher Bjorkman procedure and gave 
a more complete picture of cell wall lignin. 
The Py-MS technique can also be applied as a nlicroanalytical tool. Small samples 
of xylem extracted from both healthy and fungus (Fusariu,n oxysporum) infected 
carnation showed that fungal infection caused marked changes in the lignin composition 
of infected xylem tissue (Niemann et al., 1991). Differences were also seen in the mass 
spectra of resistant and susceptible varieties of carnation due to lignin degradation by F. 
oxysporum. The primary use of Py-MS is in evaluating the relative amount and monomer 
composition of samples. Its extreme sensitivity also enables detection of trace quantities 
of lignin in samples high in polysaccharides. However, it is somewhat limited due to 
modification of monon1er side chains during pyrolysis and therefore cannot provide 
information on their bonding patterns and function in the original polymer (Lapierre, 
1993). A more useful tool developed over recent years is thioacidolysis of lignin and 
analysis by GC-MS. 
2) Gas chromatography - Mass spectrometry (GC-MS) 
A number of newer techniques use well defined and gentler reaction conditions 
and are capable of producing monomeric compounds derived from the original polymer 
that retain important structures indicating the type of bonding they were involved in. The 
thioacidolysis technique was developed by Lapierre and co-workers ( 1985). As the name 
implies it involves acidoly is with a thiol reagent, followed by GC-MS of trimethylsilated 
derivatives. It has been demonstrated as a reliable procedure with which monomers 
involved in guaiacylglycerol-~-aryl ether structures ( ee Figure 1.5) can easily be 
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identified (Lapierre, 1993). The ucce of the technique in identifying the original 
bonding in the polymer i due to the gentle reaction condition that produce compound 
retaining the original ide chains as thioethylated derivative which are ea ily separated by 
ga chromatography and identified by mass pectrometry. 
3) Fourier Transform, Infrared Spectroscopy (FT-IR) 
The technique of FT-IR as a tool in lignin re earch has been used ince the early 
1950's and ha been one of the most important early techniques in the tudy of lignin 
tructure (Hergert, 1971; Faix, 1991). Cell wall or wood lignin may be either chemically 
prepared or analysed directly as intact extractive free polymer. Analysis can be done 
either directly via reflectance, or prepared in a di k of potassium chloride and the IR beam 
pa sed through the sample. Absorption bands due to specific chemical bonds in the 
monomers that make up the polymer - as well as other compounds such as 
carbohydrates, protein and fatty acids - have been established (Faix, 1991; Hergert, 
1971; Schultz & Glasser, 1986). 
1.5 Lignin and Plant Development 
A large research effort has been put into the elucidation of the biochemical 
pathway of lignin synthesis and the enzymes involved, plus the chemical nature of lignin 
from different tissues and plants. These studies have shown variation in lignin 
composition and level of condensation in different ti sue types and at different stages of 
development in many plant species. This raises important questions about specific 
functions for the different kinds of lignin observed. 
1. 5 .1 Variation in Lignin Biosynthesis 
Spectral studies of mostly hardwood lignins and some grass species have shown 
that the monomer composition can vary between different tissues and, in many cases the 
monomer composition changes as the tissue develops (Terashima et al., 1993). 
1. 5 .1.1 Gy,nnosperms 
Differentiating pine xylem (Pinus thunbergii) has been shown to vary in lignin 
compo ition depending upon the age of the cell (Terashima & Fukushima, 1988). 
Guaiacyl units make up the main part of middle lamellae during early development and in 
the secondary wall late in development, also the level of condensation of G units is higher 
in the forn1er. Syringyl unit are not a major component of many conifer lignins but do 
appear late in the inner layer of the econdary walls. H unit are deposited early into the 
cell corner and middle lamella in the early tages of cell wall differentiation (Terashima 
& Fuku hima, 1989) . Early tudie tended to define lignin composition in 
chemotaxonomic terms, however example of high yringyl content conifers are known 
·-------------------------..._ .. 
Introduction 1.1 0 
(Ob t & Landucci, 1986). In black pruce (Picea mariana), higher amount of p-
hydroxyphenyl (H) unit are found in both cell wall corner and middle lamella than in 
the econdary wall layer (Whiting & Goring, 1982). 
1. 5 .1. 2 Angiosperms 
1) Dicots: A tudy of magnolia (Magnolius kobus DC) showed that in the early tages of 
lignification coniferyl (G) moieties were deposited into ve sels and middle lamella early 
in development, then into secondary walls later in development. Syringyl (S) moieties 
were found in econdary wall of fibre and later vessel . The SIG content was eventually 
higher in econdary walls and fibres later in development, whereas the ratio was 
approximately even in the middle lamella (Terashima, 1989). In birch the chemical 
compo ition of wood fibre secondary walls comprises mostly syringyl units, whilst 
vessel walls comprise mostly guaiacyl units (Musha & Goring, 1975). 
A study of the legume Erythrina crista-galli showed that it had a high G content, 
and that an increase G/S content occurred as the plants matured. This observation was 
interesting in that it was opposite to that seen for most other angiosperms (Kutsuki and 
Higuchi, 1978). 
2) Monocots: A few grasses and cereals have been well studied and show significant 
differences in their lignin content, ranging from 1.2% in canary grass (Burritt et al., 
1984) to 26% for bamboo stems (Higuchi et al., 1967). Grass and cereal lignins are also 
more complex in that they contain not only all three monolignols but also high amounts of 
hydroxycinnamic acids - p-coumaric (PA), ferulic (FA) and sinapic (SA) - forming both 
ester and ether linkages within the lignin polymer (Higuchi et al, 1967; Scalbert et al, 
1985). At present, it appears that only ferulic acid is involved in any kind of bridging 
tructure, in the forn1 of ester/ether bonds, between primary cell wall carbohydrate and 
lignin, or, in inter-lignin linkages (Lam et al., 1990 & 1992; Ralph & Helm, 1993). p-
Coumaric acid has been found associated only with the lignin polymer, primarily via ester 
bonds (Ralph & Helm, 1993). The biological function of the acids in lignin is still a 
matter of debate, however, there is a correlation between ruminant digestibility, the 
pre ence of PA or FA plus the type of bonding (Jung & Deetz, 1993; Ralph & Helm, 
1993). 
Variation in lignin composition has been shown at the sub cellular level in rice 
(Oryza sativa) and ugar cane (Saccharum officinarum L.) (He & Terashima, 1989 & 
1990). Guaiacyl and p-coumaryl units are found in high amounts in protoxylem vessel , 
middle lamella and the outer layer of the econdary cell wall. However, guaiacyl and 
yringyl unit are predominant in parenchyma and the compound middle lamella. 
The biological significance and regulation of the chemical differences seen 
between lignin from different tissue and in different plants is yet to be establi hed. Work 
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on this a pect of lignin repre ents the next important area for investigation by re earchers 
in the field. 
1.6 Lignin and its Involvement in Plant Defence 
The role of lignin in plant defence, and the enzyme involved in its synthesis, 
have received considerable attention over the years. De-novo synthesis of lignin has been 
shown a part of the primary defence response by plants to pathogen attack, by providing 
a physical barrier to infection and, in some cases, the monolignols themselves have been 
hown to be toxic to the pathogen (for reviews see: Nicholson & Hammerschmidt, 1992; 
Vance et al., 1980; Vidhyasekaran, 1988). 
Ride (1975) had noted that infection of wheat with a range of non-pathogenic 
fungi around wound margins caused rapid deposition of lignin around the margins. This 
resulted in the physical isolation of the pathogen, preventing it from further advance into 
the plant tissue. Later studies in both wheat (Barber & Ride, 1988; Ride & Pearce 1979) 
and canary grass (Sherwood & Vance, 1976; Vance & Sherwood, 1976) confirmed the 
early de-novo formation of lignin as a component of non-host resistance to fungal 
infection. In young tomato fruit infected with the fungi B.cinera small necrotic spots 
develop, however the infection is contained and live fungi can be isolated from the 
lesions of mature fruit, the lesions contain higher levels of lignin than non infected tissue 
(Glazener, 1982). These results taken together indicate that lignification provides a 
physical barrier to infection by pathogenic varieties of fungi. 
Host cell death and lignification around the infection site was suggested by Ride 
( 1978) as a means of physically isolating the invading organisn1 and preventing further 
damage to the plant. Keen and Littlefield ( 1979) examined the interaction between flax 
and the pathogenic fungus Melamspora lini, they demonstrated that both coniferyl 
alcohol, and in particular, coniferyl aldehyde were toxic to the pathogen. They also 
ho wed that higher levels of both conifery l alcohol and conifery l aldehyde were produced 
by the resistant genotypes. This result provided evidence for a phytoalexin or 
"antimicrobial" function for monolignols not previously observed as part of a plant 
defence response. An important outcome of this work was the observation that the timing 
of the response is critical in the level of resistance to a particular pathogen, and that 
re istant genotypes showed a more rapid and generally higher accumulation of coniferyl 
alcohol and conife1-y l aldehyde. 
A number of important studies have been done by Hammerschmidt and co-
worker on interactions of both pathogenic and non-host fungi to resistant and non-
resistant varieties of potato and cucumber (Hammerschmidt, 1984; Hammerschmidt, 
Lamport & Muldoon, 1984). They showed that infection with non-host fungi resulted in 
rapid deposition of lignin at infection sites within 8-10 hrs compared to ites of infection 
with pathogenic fungus where lignin deposition was delayed for 18-20 hr . This work 
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demonstrated the inducible nature of lignin formation around wound sites and, that only 
pathogenic forms of a fungus to a particular host have evolved the means of avoiding or 
delaying the lignification response to infection in that host. 
An important observation regarding the qualitative structure of lignin and ability to 
withstand pathogenesis has been made with normal and mutant lines of Sorghum bicolor. 
Bucholtz and co-workers (1980) found that reduced lignin content correlated with low 
CAD activity in the brown-midrib mutant BMR-6. They suggested that the BMR 
mutation results in accumulation of aldehydes into lignin based upon a non-specific assay 
that stains for aldehydes. Work by Porter et al. ( 1978), and later by Pillonel and co-
workers (1991), showed that the BMR mutant has reduced lignin content compared to 
normal varieties. Pillonel et al. (1991) used Py-MS to demonstrate conclusively that the 
BMR mutant has higher relative amounts of coniferyl and syringyl aldehyde in cell wall 
lignin. 
1 . 6 . 1 Synthesis of Wound Specific Lignin 
A number of recent investigations have provided evidence for the de-novo 
formation of a specific "wound lignin" at the site of infection during the defence 
response. Maule and Ride (1976; 1983) found an increase in the syringyl content of 
wound lignin in wheat leaves infected with Botrytis cinera, however, they could not 
account for the increase in syringyl content in terms of increased activities of enzymes 
located further upstream in the phenylpropanoid pathway. Later, work by Mitchell, Hall 
and Barber (1994) examined the induction and activity of CAD over time for all three 
monolignols (p-coumaryl, sinapyl & coniferyl alcohol) around wound margins in both 
fungal and elicitor treated wheat leaves. A significant increase in CAD activity, 42 hrs 
post treatment, occurred only for sinapyl alcohol. The fungal treatn1ent showed a 3 fold 
increase in sinapyl alcohol dehydrogenase activity while elicitor treatment produced a 5 
fold increase. This work provided important evidence explaining the earlier observation 
of high syringyl content found in wound lignin of wheat leaves. 
1. 7 CAD: Enzymology and Protein Purification 
One of the first studies to present biochemical data for a specific cinnamy 1 alcohol 
dehydrogenase was that of Mansell and co-workers ( 197 4 ). They reported the 
purification and properties of an NADP dependant aromatic alcohol dehydrogenase which 
catalysed the reversible reaction converting cinnamy 1 aldehydes to their corresponding 
alcohols. They developed a purification procedure and partly characterised the enzyme 
from the dicot Forsythia suspensa. They also exan1ined a wide range of different plant 
species and tissues, and examined the effects of various chemical inhibitors. It was 
known at the time that the cinnamyl alcohols were processed into the lignin polymer and 
this report demonstrated the existence of an NADP dependant aromatic alcohol 
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dehydrogenase specific for the catalysis of monolignols. This work also provided a basis 
for the development of purification procedures aimed at purifying the enzyme to 
homogeneity. 
1. 7 .1 Assays of CAD Activity 
In attempting to purify the CAD enzyme from any plant system the use of 
a spectrophotometric assay based upon the activity of the enzyme requires the use of 
native procedures, in order that it can be detected through each stage of the purification 
process. CAD can be assayed by either the oxidation of cinnamyl alcohols in the presence 
of NADP or the reduction of cinnamaldehydes in the presence of NADPH. The first 
assay for CAD activity used coniferyl aldehyde as substrate in both the forward 
(reduction) reaction and reverse (oxidation) reactions (Mansell et al., 1974). The reaction 
of CAD with substrate is reversible and can be followed monitoring the change in 
absorbance at 400 nm due to aldehyde formation or, by monitoring changes in 
concentration of NADPH at 340 nm. 
The enzyme is assayed after electrophoresis in native gels using coniferyl alcohol 
as substrate and CAD activity is seen as bright yellow bands in the gel. The bands can be 
further enhanced and fixed semi-permanently in the gel by coupling turnover of NADPH 
to NADP+ via the conversion of the water soluble tetrazolium salt MTT into an insoluble 
purple formazan dye within the dehydrogenase reaction (Mansell et al., 1974) - see also .. 
Section 2.2.2. lS of Chapter 2. 
1 . 7 . 2 Purification of CAD 
The earliest attempts at purifying CAD involved amn1onium sulphate fractionation 
of crude extracts followed by size fractionation then colu1nn chromatography using a 
combination of various ion exchange and affinity adsorbents (Mansell et al, 197 4; 
Wyran1bik & Grisebach, 1979; Ltideritz & Grisebach, 1981). Major problems with 
stability of the enzyme were revealed and stabilisers such as ethylene glycol and 
mercaptoethanol need to be added to chromatography buffers. Another and more 
important problem was the very low recoveries of CAD from large amounts of starting 
material. Wyrambik & Grisebach (1979) used 2 kilograms of wet soybean cells and as 
4000 fold purification was needed to obtain just 350 µg of pure enzyme. CAD when 
highly purified typically represents a very low percentage of the total protein in a sample, 
less than 0.07% as seen in early studies (Ltideritz & Grisebach, 1981; Mansell et al, 
1974; Sarni, Grand & Boudet, 1984; Wyrambik & Grisebach, 1975; Wyrambik & 
Grisebach, 1979). The first successful purification of the enzyme in which N-terminal 
and internal peptide sequence data were obtained used differentiating xylem tissue of 
young fast growing loblolly pine, which was likely to have very high levels of CAD 
activity (O'Malley, Porter & Sederoff, 1992). In this study 200 g of differentiating xylem 
scraped from the inside of rapidly growing young trees was used to produce 100 to 200 
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µg of pure CAD, however this still only represented 0.02% of the total protein in the 
crude extract. 
No single purification strategy has worked for all the different plant species 
tudied o far whether for characterisation and/or production of ufficient material for N-
terminal sequencing. Most methods have usually involved chromatography on an ion 
exchange resin followed by some form of affinity step, which may be a dye ligand uch 
as Blue or Red Sepharose (for further details of purification procedures see: Galliano et 
al., 1993a; Goffner et al., 1992; Grima-Pettenati et al., 1994; Hawkins & Boudet, 1994; 
Hibino et al., 1993; Kutsuki et al., 1982; Lilderitz & Grisebach, 1981; Mansell et al., 
1976 & 1974; Pillonel et al., 1992; Sarni et al., 1984; Wyrambik & Grisebach, 1975 & 
1979). 
1. 7. 3 CAD: Isozymes and Polymorphism's 
Most plants examined for CAD activity have shown only a single isoform 
(Mansell et al., 1974). However, of the well characterised plants, a number have two or 
more isoforms. All the CAD enzymes plus multiple isoforms studied to date, including 
their physical and chemical characteristics, are summarised in Table 1.1. It is apparent 
that two groups exist based upon structure; the dimeric CAD2 type enzymes and the 
monomeric CADl type enzymes. Polymorphis s are known to exist due to alleles of a 
single gene as in the case of loblolly pine, and to genome fusions forming diploids in the 
case of tobacco (see section 1.8 below). One of the most polymorphic species seen to 
date is wheat (Pillonel et al., 1992) which has up to 7 isoforms in crude extracts and two 
dimeric isoforms (CADl has 2x 45 kDa subunits, and CAD2 has 2x 40 kDa subunits) 
when purified using NADP-agarose chromatography. 
Soybean has two isoenzymes, one of which appears to be a monomeric enzyme 
of approximately 43 kDa - CAD 1, the other is a dimer comprised of two 40 kDa subunits 
- CAD2 (Wyrambik & Grisebach, 1975). The soybean CADl interestingly only had 
affinity (albeit very high K111 ) for coniferyl alcohol. 
Bean (Phaseolus vulgaris) has two isoforms (Grima-Pettenati et al., 1994), of 
which CAD 1 is a 34 kDa monomer and CAD2 is a heterodimer comprised of a 40 and a 
42 kDa ubunit. CAD 1 was highest in abundance in terms of percentage of total protein, 
and a sufficient quantity was obtained to enable generation of internal peptide fragments 
and sequencing. The· heterodimer of these two subunits had a higher affinity for benzyl-
than coniferyl alcohol suggesting that only the 40 kDa homodimer is a CAD2 type 
enzyme (Grima-Pettenati et al., 1994), however this does not rule out the possibility of 
the heterodimer having a substrate pecific role in lignification. 
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Table 1.1 Physical/Chemical Characteristics of CA
D enzymes. 
Major (M) M.W. (in 1,000) - Km (µM
) e Alcohol 
Plant & Tissue Sourcea Isoforrn
b or subunit & typed 
or Purified8 Sequencedh Gene 
(Reference) 
minor (m)C (C) (H) (G) 
(S) Aldehydef isolatedi 
Japanese Black Pine - seedlings single 
0.36% 67? 14 30 
9.1 0 Ale. partial no 
no 
(Kutsuki et al., 1982) 
dimer - - - - A
ld. 
Forsythia suspensa - stems single 0.04%
 80? 114 17 17 
98 Ale. partial no 
no 
(Mansell et al., 197 4) 
dimer 156 132 32 yes A
ld. 
Wheat - etiolated seedlings CADl 
m <0.02% 2x 45 - dimer -
-
-
-
no yes yes no 
kinetics 
(Pillonel et al., 1992) CAD
2 M <0.058% 2x 40 - dimer -
-
-
- repmted yes yes no 
Loblolly P ine - xylem 
2x 44 - - - - A
le. N 2x 
(O ' Malley et al., 1992) single 
0.019% 1.21 allozyme, 
yes & cDNAs 
homodimer 5.3 - 1.8 147 
Ald. I 
Eucalyptus gunnii - xylem CADl M 
35 - 760 560 0 A
le. partial no yes , one 
(Goffner et al., 1994; Feu illet et 0
.0003 % monomer - 70 
25 0 Ald . 
cDNA & gDNA 
al., 1993; Grima-Pettenati et al., 
m 
via 
Tobacco 
1993; see b e low also) 
CAD2 0.0001 % 42 + 43 
-
4.9 6 7.2 Ale. partial 
no cDNA probe 
heterodimer 1.2 1.7 1.5 
Ald. 
(see also below) 
-
Eucalyptus gunnii - peridenn CADl m 
34 - - - - Al
e. partial no 
0.029% monomer -
-
-
-
Ald. 
(Hawkins & B oudet, 1994; see 
above also) 
Hetero- M 44 + 42 
- 35 2.3 6.6 Ale. partial 
no none 
CAD2 4.5% heterodimer 
- 5.1 4.5 6.8 Ald. (see above) 
Homo- m 2x 44 
- 63 .8 23.1 4 .5 Ale. partial 
no 
CAD2 3.4% homodimer 
- 15 .5 5.2 2.5 Ald. 
Tobacco - sterns one only 
0.0033 % 44 + 42.5 -
- 12 - Ale. Both N
 &I 2x cDNAs 
(H alpin et al., 1992; Kni g ht et al., 1992) 
heterodimer 0 .3 
Ald . subunits 
Both subunits 
-
-
-
Spru ce - cell culture, ozone induced 
-
40 14 0 Ale. ye
s yes lx cDNA 
(G alliano et al., 1993a & 1993b ) one only <
0.01 % 2x 42 - dimer 6 6 
12 Ald . 
via 
-
CAD lgG 
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Table 1.1 Continued. (Physical/Chemical Characteristics of CAD enzymes) 
Plant & Tissue Sourcea Major (M)/ M.W. (in 1,000) - Km (µM) e Alcohol/ Gene 
(Reference) Isoformb minor (m)C subunit & typed (C) (H) (G) (S) Aldehydef Purifiedg Sequencedh isolatedi 
Spruce - cambial sap one only 0.034% 2x 41.7 - - - - Ale. partial no no 
(LUderitz & Grisebach, 1981) dimeric - 12.5 3.6 83 Ald. 
Aralia cordata - young shoots one only <0.005% 2x :::::3 9 - - 6.9 16.6 Ale. yes N &I yes 
(Hibino, et al., 1993a & 1993b) heterodimer - - 1.8 7.2 Ald. cDNA 
Poplar - stem: xylem & sclerenchyma 2x 40 - - - - Ale. partial no yes, via 
(Sarni et al., 1984; Van Doors. et al., one only 0.035 % dimeric 1.23 0 .77 4.8 Ald. 
tobacco 
- probe 
1995) 
Bean (Phaseolus vulgaris) - pods CADl M 34 monomer - 270 520 560 Ale. yes I -
0.019% - - 27 35 Ald. 
(Grima-Pettenati et al., l 994) CAD2 m 2x 40 homodimer or, 
<0.001 % also possible - 40+42 - 0 140 120 Ale. no no -
heterodimer - - 2.5 5 Ald. 
Soybean - cell culture CADl m 43? 0 0 830 0 Ale. partial no no 
(Wyrambik & Grisebach, 1975 & 1979; 0.064% monomer - - - - Ald. 
LUderitz & Grisebach, 1981) 
CAD2 M 2x 40 26 57 11 50 Ale. partial no no 
0.15% climeric 2.5 9.1 1.7 4.3 Ald. 
Notes: A dash signifies not reported or not determined . 
a - Plant species listed by common or Latin name, tissue source from which CAD was purified, and reference/s for the data. 
b - A single (one only) or occasionally two isofonns (CAD1&2 as named in the original reference) were detected and characterised. 
c - Where more than one isoenzyme was characterised the major (M) and minor (m) form, in terms of percentage of the total protein in the crude extract (actucal percentages 
shown below M or m), are listed . 
d - The molecular weight and subunit nature (i.e. heterodimer/homodimer where known) of each enzyme is shown. Most values were detennined using SDS-PAGE. However, 
some are size estimates based on native gel electrophoresis or size fractionation chromatography, and are indicated by a question mark beside the M.W. 
e - Substrate Km's are shown, where determined, for: cinnamyl (C); p-coumaryl (H); coniferyl (G); and sinapyl (S) moieties. Whether the substrate has an alcohol or aldehyde 
R group is defined in the next column. 
f - The substrates tested in the previous column are defined as being: alcohol (Ale.) for the reverse or oxidation reaction; or aldehyde (Ald.) for the native or forward (reduction) 
reaction. 
g - Enzymes/Isoforms were either: purified to homogeneity (yes) in sufficient quantity for seq uencing of internal fragments; or partially, but sufficiently pure to enable 
physical and chemical characterisation. 
h - Sequence data were obtained from the N-te1minus (N) or internal fragments (I) of the purified enzyme. Most CADs showed partial blockage of the N-terminus. 
i - genes were iso lated from nucleotide libraries either directly using oligonucleotide probes designed from peptide sequence data obtained from purified and sequenced CAD 
enzymes or isofo1ms. In the case of Eucalyptus the cDNA and gDNA sequences were isolated using the Tobacco cDNA as a heterologous probe. The spruce CAD cDNA was isolated 
from an expression library using polyclonal antisera (IgG) raised against the purified spruce enzyme and confirmed by matching the translated cDNA with sequence obtained from 
internal peptide fragments. 
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Table 1.2 Cloned CAD genes. 
Plant Source - Species/cultivara Accession no. Reference Tissue Sourced Sequence Type 
Alfalfa Medicago sativa cv. Apollo Z19573 Van Dorsselaere et al. (1995) ? ~ S.C. cDNA 
Alfalfa (p 1178) Medicago sativa not submitted Dr. J. Watson (pers. Comm.) Stem cDNA 
Alfalfa (p 11 80) Medicago sativa not submitted Dr. J. Watson (pers . Comm.) Stem cDNA 
Thate cress Arabidopsis thaliana Z31715 Baucher et al. (1995) n. s. genomic DNA 
Thale cress (ELB- 1) Arabidopsis thaliana cv. Columbia X67816 Kiedrowski et al. ( 1992) Whole plant cDNA 
Thale cress (ELB-2) Arabidopsis thaliana cv. Columbia X67815 Kiedrowski et al. (1992) Whole plant cDNA 
Thale cress (PRL2) Arabidopsis thaliana cv. Columbia T04220 ~-Newmanb · Whole plantc cDNA 
Aralia Aralia cordata D13991 Hibino et al. (1993) Etiolated young shoots cDNA 
Eucalypt E. botryoides D16624 Hibino et al. (1994) Shoot primordia genomic DNA 
Eucalypt E. gunn ii (Hook) X65631 Feuillet et al. (1993) Leaf~ callus ~ S.C. cDNA 
Eucalypt E. gunnii (Hook) X75480 Feuillet et al. (1995) Leaf ~ callus ~ S.C. genomic DNA 
Lob]olly pine (A) Pinus teada L. Z37991 MacKay et al. b Differentiating xyleni cDNA 
Loblolly pine (B) Pinus teada L. Z37992 MacKay et al. b Differentiating xylemf cDNA 
Parsely (ELI-3) Petroselinum crispum X67817 Kiedrowski et al. (1992) Leaf ~ callus ~ S.C.~ El.e cDNA 
Poplar Populus deltoides Z19568 Van Dorsselaere et al. (1995) Leaf cDNA 
Spruce Picea abies L. X72675 Galliano et al. (1993) Seedling ~ callus ~ S.C. cDNA 
Stylosanthes ( lA) Stylosanthes humilis cv. Paterson L36823 Nourse et al. b Stem cDNA 
Stylosanthes (3) Stylosanthes humilis cv. Paterson L36456 Nourse et al. b Stem cDNA 
Tobacco (NTCAD 14) N. tabacum cv. Samsun X62343 Knight et al. (1992) Stem cDNA 
Tobacco (NTCAD19) N. tabacum cv. Samsun X62344 Knight et al. (1992) Stem cDNA 
Notes : a - Common names and species names are given , cultivars are listed where known. 
b - Unpublished sequence data submitted to EMBL or GenBank (*) by the authors listed. 
c - The tissue source of mRNA used in the construction of the cDNA library from which this sequence was obtained comprised a number of types: 7 day etiolated 
seedlings; tissue culture roots ; and plants grown under various light regimes (for futher detail see GenBank documentation for T04220). 
ct - S.C. = supension cultured cells; n.s. = not stated; ? = tissue source unknown. 
e - Suspension culture treated with fungal elicitor (El.) prior to mRNA extraction and construction of cDNA library . 
f - From a cDNA library made from differentiating xylem of a mature tree. 
Introduction 1. 18 
The woody angiosperm Eucalyptus gunnii has at least two i oforms (Goffner et 
al., 1992) in xylem, CADl is a 35 kDa monomer and CAD2 is a heterodimer of a 42 and 
43 kDa subunit. Periderm from stems of the same species has up to four, CAD 1 is a 34 
kDa monomer, while CAD2 was seen as a heterodimer or the two homodimeric forms 
made up from one 44 and one 42 kDa subunit (Hawkins & Boudet, 1994). 
Of particular interest are the differences seen between the various CADs in terms of 
substrate specificities. CAD 1 's from soybean, bean and Eucalyptus - periderm plus 
xylem, are all monomeric and have high Km's for alcohol substrates. Also, of those 
substrates tested, they differ in preference for both the native (aldehydes) and alcohol 
substrates (see Table 1.1). Soybean CADl is specific for coniferyl alcohol only, while 
bean converts all three, with almost equal preference for coniferyl and sinapyl alcohols. 
The actual role of the monomeric CAD 1 in these plants has not yet been 
determined, but the consensus emerging is that the dimeric CAD2 isoenzymes probably 
represent a single and genetically distinct family from the CAD 1 group of enzymes 
( Grima-Pettenati et al., 1994). 
1. 8 Purification of CAD Proteins and Isolation/Cloning of Nucleotide 
Sequences 
In order to study the molecular regulation of CAD genes during development and in 
the defence response, a gene or genes encoding the enzyme had to be first isolated. With 
the identification of the first CAD enzyme and subsequent improvements in detection and 
purification, a large effort has recently been put into the isolation of a gene encoding the 
protein. However, the first claim of isolating a CAD gene sequence by Walter et al., 
(1988) involved immunoscreening of a bean cDNA library using monoclonal antibodies 
raised to what was thought to be homogeneous poplar CAD (Sarni et al., 1984; Grand et 
al., 1987). The success of this technique depends upon the use of monoclonal antibodies 
when screening the library. The apparently pure CAD used to generate the antibodies 
used for screening contained malic enzyme as well, ..... the cDNA clone that was isolated 
(ACAD4) was ubsequently shown to encode malic enzyme not CAD (Walter et al, 1990; 
Walter, 1992; Walter, Grima-Pettenati & Feuillet, 1994). 
The first successful purification, characterisation, N-terminal sequencing and 
isolation of a CAD gene (cDNA) was from loblolly pine (Pinus taeda) (O'Malley et al., 
1992). This has been rapidly followed by a number of other sequences although not all 
have involved succes ful sequencing of the enzyme and subsequent isolation of a DNA 
clone specific for the enzyme or isozyme in question. 
O'Malley and co-workers (1992) purified a single CAD species from 
differentiating xylem of loblolly pine. They found that the enzyn1e existed as a dimer 
resulting from a polymorphic single gene comprising two alleles. The monomers 
produced by each allele varied slightly in size and con1bined to form a dimer called either 
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CAD 1.21 (fa t) or 1.00 ( low) in homozygou individuals or a combination of both in 
heterozygote . The fa t homozygote was purified and found to have an apparent 
molecular weight of 82,000, a subunit molecular weight of approximately 44,000, and 
an i oelectric point of 4.6. The fold purification indicated that the enzyme represented 
about 0.02% of the total protein in the crude homogenate. It has a preference for 
coniferaldehyde, with a Km of approximately 1.8 µM (see also Table 1.1 for other 
substrates). The protein was sequenced from both the N-terminus and internally after 
generating fragments via digestion with clostripain. Two full length cDNAs isolated 
from a library made from differentiating xylem tissue were submitted to the EMBL 
sequence data base in late 1994. The pine N-terminal sequence showed little sequence 
homology to the previously published ACAD4 clone from bean, further confirming this 
wa not a CAD gene. The pine study was done using standard biochemical assay and 
purification procedures as opposed to the original Walter et al (1988) study involving 
irnmunoscreening. The initial pine peptide sequence was followed in rapid succession by 
a number of studies describing the purification and sequencing of CAD enzyme and the 
isolation of clones encoding CAD genes from cDNA or genomic libraries in a number of 
species (see Table 1.2 for a full list of those referred to in this Thesis). 
The next study to successfully purify, and sequence CAD was done by Halpin and 
co-workers (1992) from tobacco stems. In purifying the enzyme they used two affinity 
columns, Blue Sepharose and 2' 5' ADP-Sepharose, instead of the single Blue Sepharose 
column of previous studies. 4.8 kg of stems yielded 18.4 g of total protein, but only 
0.003% represented homogeneous CAD at the end of purification. They purified a single 
CAD comprising a dimer of two subunits of 42.5 kDa and 44 kDa. The enzyme showed 
a high affinity for coniferaldehyde with a Km of 0.3 µM. A blocked N-terminus on both 
subunits required generation of internal fragments by tryptic digestion (Knight et al., 
1992). The peptide data was used to design degenerate oligonucleotides to screen a stem 
cDNA library from which two highly homologous clones encoding full length gene 
product were isolated, pTCAD 14 & pTCAD 19. The sequences revealed a separate gene 
origin in term of the parental lines which produced N. tabacum (i.e. a fusion of N. 
sylvestris & N. tomentosiformis) indicating that the enzyme subunit polymorphism was 
due to formation of the diploid. 
The next three sequences to appear resulted from a sequence homology search 
conducted by n1y elf on the EMBL data base using the tobacco cDNA sequences as 
probe . The equence comprise a parsley gene and two genes from Arabidopsis 
(Kiedrow ki et al., 1992). The function of the gene products was unknown at the time of 
publication, however it wa known that the e genes were transcribed when re istant 
plant were ubject to elicitation of the resistant phenotype using fungal extract . 
Kiedrow ki et al. (1992) had hown that mRNA from the di ease resi tance gene ELI3 
accumulate upon infiltration with a variety of phytopathogenic bacteria in both par ley 
and Arabidop is thaliana. The gene product i linked to the dominant R-gene locus 
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RPMJ and mRNA tran cripts were shown to accumulate rapidly in the resistant variety 
but very lowly in the usceptible variety. The parsley clone encoding the EL/3 cDNA, 
wa i olated from a library made with mRNA from leaf suspension culture cells after 
treatment with fungal elicitor (Hahlbrock & Welln1ann, 1970; Somssich et al., 1989). 
The corre ponding cDNAs encoding EL/3 from Arabidopsis thaliana were isolated by 
probing a whole plant cDNA library with the parsley EL/3 sequence. 
The next CAD gene to be isolated and sequenced was that from Eucalyptus gunnii. 
Leaf suspension culture cells (Teulieres et al., 1989) were used to make a cDNA library 
from which a single clone encoding CAD from Eucalyptus gunnii, pEuCAD2, was 
isolated (Grima-Pettenati et al, 1993) by probing the library with the heterologous cDNA 
probe pTCAD19 from tobacco. Although tissue from both xylem (Goffner et al., 1992) 
and periderm (Hawkins & Boudet, 1994) from E. gunnii have had CAD purified and 
characterised from them, no peptide sequence data has yet been obtained for any of the 
i oforms described. The pEuCAD2 clone was expressed and the protein product 
positively identified as active CAD homodimeric enzyme (Grima-Pettenati et al., 1993). 
They also found that the recombinant enzyme had equal preference for all three substrates 
(p-coumaryl, coniferyl and sinapyl), but had higher affinity for aldehydes (Km - 4.7 µM) 
over alcohols (Km - 6.0 µM). However, examination of Table 1.1 shows that the 
previously determined values for all substrates are different (Goffner et al., 1994 ). Of 
note is the fact that the cDNA library which was used to isolate pEuCAD2 was made 
from leaf (into callus into) suspension culture cell mRNA (Teulieres et al., 1989) not 
xylem, and the sequence wa isolated using the tobacco cDNA as a probe. A Southern 
blot of the leaf suspension culture cell genomic DNA was done, and although a number 
of bands were seen they concluded that only a single gene is present in E. gunnii. 
Therefore, the identity of the pEuCAD2 clone - and subsequent gDNA sequence isolated 
(Feuillet, et al., 1995) - as one of the genes encoding either of the CAD2 subunits 
characterised from xylem needs to be confirmed by peptide sequence data. 
A CAD gene fromAralia cordata appeared next. A cDNA (UCAD82) was isolated 
from a library made from etiolated young shoots (Hibino et al., 1993b) using 
oligonucleotides designed from partial amino acid sequences generated by CnBr mapping 
of the purified enzyme (Hibino et al., 1993a). 
The next equence was obtained from Norway spruce. Messner and co-workers 
( 1991) developed a cell suspension culture from callus grown via seedlings of Picea 
abies L. A pla nud cDNA expression library was con tructed using mRNA extracted 
fron1 suspension cell treated with fungal elicitor by Galliano and co-workers (1993b). 
The expre sion library wa then creened via an antibody specific to CAD (Galliano et 
al. 1993a) for clone expres ing the protein, and a ingle CAD clone i olated and 
equenced, pSCAD15 (Galliano et al., 1993b). The identity of the cDNA clone was 
confirmed a that of the purified and characteri ed CAD protein by sequence obtained 
from internal peptide fragment . 
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A genomic DNA sequence from the eucalypt E. botryoides was isolated by 
Hibino and co-worker (1994). They used the cDNA previou ly i olated from A. cordata 
to creen a genomic library derived from shoot primordia. 
Two sequences encoding CAD cDNAs, one each from Alfalfa (Medicago sativa 
L.) and Poplar (Populus trichocarpa x P. deltiodes), were submitted to GenBank in April 
of 1993 under the respective accession numbers Z19573 and Z19568. The poplar 
equence cad.PdxPt. l was isolated using the tobacco CAD pTCAD 19 clone as a 
heterologous probe against a polar leaf cDNA library. The poplar clone cad.PdxPt.1 was 
subsequently used to probe a cDNA library made from elicitor treated alfalfa cells from 
which the positive clone cad.Ms. I was isolated and characterised (Van Doorsselaere et 
al, 1995). The poplar cDNA clone was then used to isolate an Arabidopsis genomic 
sequence by Baucher et al. (1995). 
A number of other DNA sequences that have high homology to the well established 
CAD clones are available in the EMBL and GenBank data bases (see Table 1.2), 
although they have yet to be published. To date they include the following: an 
Arabidopsis partial cDNA sequence submitted to GenBank (ID T04220) as an expressed 
sequence tag (EST); and two clones isolated from a stem cDNA library of the tropical 
legume Stylosanthes humilis (GenBank accession numbers L36823 & L36456). 
1. 9 Molecular Regulation of CAD. 
There is little information on the molecular regulation of CAD as yet. However, 
some recent work with transgenic tobacco and poplar has begun the task of unravelling 
the spatial and temporal patterns of CAD gene expression and regulation. 
Halpin et al. ( 1994) examined transgenic tobacco containing an antisense CAD2 
type cDNA (pTCAD19) for changes in both CAD expression and lignin production. They 
found that the quantity of lignin produced was not affected even in two transformed lines 
that expre sed only 20% and 7% of the CAD activity seen in controls. Lignin quality 
however was affected, in terms of its susceptibility to chemical extraction and its Py-MS 
spectrum. A general observation was an increased incorporation of coniferyl, and 
particularly sinapyl aldehyde residues into the xylem of stems - as had been previously 
een for the pathogen susceptible S. bicolor mutant BMR-6 (Pillonel et al., 1991; 
Bucholtz et al., 1980), ee also Section 1.6. This indicated a lower level of condensation 
into dimeric tructures and a weaker polymer, as evidenced by the susceptibility to 
chemical degradation and the patterns of hi tochemical staining. An important feature of 
thi work wa the ob ervation that the conversion of cinnamaldehydes to alcohols 
appears not to be a rate limiting step in lignin synthesis, since the antisense plants 
produced the ame amount of lignin a control throughout development, even though 
CAD enzyme expression was very low. 
Feuillet and co-worker (1995) examined the promoter region of the genomic 
gEuCAD clone by con tructing a chin1eric GUS gene fu ion with 2.5 kb of equence 5 ,, 
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of the tran lation tart (EuCAD-GUS) - although it ha not been e tablished for certain 
that the promoter used in this study i from a xylem expressed CAD (see above in Section 
1.8). Examination of the primary nucleotide sequence revealed three 'P Box' motifs or 
elements (Lois et al., 1989) associated with UV and elicitor responses in a number of 
other PPP gene , and two putative silencer elements in 2.5 kb of sequence upstream of 
the tran lation tart site. They transformed poplar with the construct and found GUS 
activity expressed in early development in parenchyma cells differentiating into xylem 
conducting elements. Secondary growth saw GUS expression localised to xylen1 ray 
cells and parenchyma cells around lignified phloem and sclerenchyma. The results also 
ugge ted that parenchyma may provide the monolignol substrates for further maturation 
of nearby lignifying vessels and fibres, which provided critical support for the theory that 
monolignols are transported from their site of synthesis to site of polymer assembly. 
1.10 Aims Of The Project 
The aims of the project (and scope of this thesis) were to examine for the first time 
the nature of lignin in Trifoliu,n subterraneum (cv. Karridale), in order to better 
understand the processes involved in lignin formation in this agriculturally important 
plant species. The approach taken involved study at the biochemical, molecular and 
physical chemical levels by examining the penultimate enzyme in the lignin synthetic 
pathway cinnamy 1 alcohol dehydrogenase, and the physical chemical nature of the lignin 
polymer in the plant. 
Firstly however, a survey of CAD enzy1nology would be necessary in order to 
establish the number isoforms and their molecular weights in different tissues (roots, 
stems and leaves) of sub. clover, as this had not been established prior to this work. One 
or more of the most abundant isoforms would then be selected for a more detailed 
biochemical characterisation involving reaction kinetics and substrate affinities. This 
work would al o involve the development of a preparative scale purification procedure, 
the ain1 of which is to not only produce sufficient material for the chemical 
characterisations, but al o for N-terminal sequencing of the enzyme, to enable isolation of 
a CAD gene(s) using oligonucleotides designed fron1 the protein sequence data. 
A econd approach to the study of the lignin synthetic pathway involves analysis of 
the end product of that pathway - the lignin polymer. A range of physical chemical 
techniques can be employed to study the chemical nature of the lignin polymer in cell 
wall . Initially, 1nass pectral and infra-red fingerprints of the cell wall would be 
determined. The aim of this work would be to establi h which of the three lignin 
monomer (H, G & S) are pre ent and, if possible, to determine any qualitative change in 
the type of lignin, in tern1s of monomer ratio , could be een when plants are ubjected to 
environmental tre s such as wounding. 
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To enable tudy at the molecular level, in terms of CAD gene organisation and 
transcriptional regulation, the isolation of a nucleotide sequence encoding CAD i 
e ential. The N-terminal - or internal - peptide equence data would be used to design 
degenerate oligonucleotides for use as probes to screen a genomic library of T. 
subterraneum (cv. Karridale). Another approach involving the reverse-transcripta e 
polymera e chain reaction (RT-PCR) could also be employed to i olate a cDNA encoding 
CAD using the same oligonucleotide/s as primers in the PCR. 
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CHAPTER 2 
CAD BIOCHEMISTRY AND ENZYMOLOGY 
IN SUB. CLOVER 
2 .1 INTRODUCTION 
The CAD enzyme system in sub. clover had not been studied prior to the work 
described herein. This chapter covers the enzymology of CAD in Trifolium 
subterraneum (cv. Karridale) and the efforts made towards obtaining amino acid 
equence data. Examination of CAD enzymology in sub. clover was necessary to 
establish the subunit nature of the enzyme, and whether was a single or multiple 
isoforms. In the case of more than one, each would be characterised and an 
appropriate isoenzyme chosen for development of a preparative scale purification 
procedure. 
Early studies of CAD in a number of different plant systems provided data on 
distribution and number of isoforms. Later research concentrated on a more detailed 
characterisation of CAD and the development of purification strategies to purify the 
enzyme to homogeneity (See Chapter 1). The aim of this early work was production 
of a sufficient quantity of pure CAD for sequence determination, however, it has been 
hampered for many years due to low levels of enzyme. 
CAD is the NADP-dependant dehydrogenase family that converts the lignin 
monomeric precursors, p-coumaryl, coniferyl and sinapyl aldehydes into their 
corresponding alcohols. The reverse ( oxidation) reaction is routinely used in the assay 
and purification of CAD in many studies to date by following the formation of 
coniferaldehyde which absorbs at 400 nm or NADPH which absorbs at 340 nm. 
2.1.1 Multiple Isoenzymes of CAD 
Previous tudies had shown that in a number of species CAD exists as a dimer 
and in some cases as multiple isozymes. Mansell et al. (1976) surveyed a large 
number of plant species and found that most of the plants tested had only one 
coniferyl alcohol dehydrogenase, or occasionally a second isoform, with the 
exception of a large number of Salix species which have multiple isozyme . Pillonel 
et al. ( 1992) showed wheat CAD is polymorphic and exists in up to 6 isoforms 
depending upon the ploidy of the pecies and varieties they examined. Generally, the 
higher the ploidy the greater the number of CAD polymorphi ms. CAD purified from 
the stem of poplar (Sarni et al., 1984) and tobacco (Halpin et al., 1991) are dimers 
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with ubunit polymorphisim. Subsequent work on tobacco has shown that there are 
probably two genes, the re ult of a genome fusion that created the diploid tobacco 
plant (Knight et al., 1992). In Eucalyptus xylem (Goffner et al., 1992) and periderm 
(Hawkins & Boudet, 1994) there are two isoenzymes, CAD 1 & 2. CAD2 from 
Eucalyptus xylem is a heterodimer, however the periderm CAD2 exists as both a 
homodimer and a heterodimer (see also Table 1.1, page 1.15-16). Soy bean 
(Wyrambik & Grisebach, 1975 & 1979; Ltideritz & Grisebach, 1981) has a similar 
pattern of enzyme polymorphisim, with a monomeric CAD 1 and a dimeric CAD2. 
Recently bean was shown to have a monomeric CAD 1 and a dimeric CAD2, and the 
CAD2 also showed subunit polymorphisim (Grima-Pettenati et al., 1994). 
In contrast, the CAD from loblolly pine was demonstrated to be a single gene 
comprising two alleles, resulting in three dimeric variants in heterozygotes (O'Malley 
et al., 1992). The single CAD isolated from aralia was shown to be a heterodimer 
comprised of subunits of almost identical molecular weights (Hibino et al., 1993). 
The work presented in this chapter demonstrated that subterranean clover has at 
least seven CAD enzyme activities which show different tissue distributions and 
molecular weights. 
2 . 1.2 Purification of CAD 
Purification and N-terminal sequencing of a single CAD isoenzyme from sub. 
clover was necessary in order that a cDNA sequence encoding the protein could be 
obtained. The isoenzyme named CAD 1 was chosen for this purpose as it was the 
most active and abundant of all the species identified across all tissue types. The need 
to maintain CAD in an active state required the use of native purification strategies, 
and stabilising agents had to be added to all buffers throughout. A number of protein 
purification techniques were used to purify CAD from sub. clover. The most common 
involve column chromatography with various types of adsorbents. Some adsorbents 
are active (affinity) in that they bind with the protein via a covalently linked substrate 
or co-factor ligand (or analog), thus allowing removal of unwanted components under 
a chemical environment that maintains the enzyme bound to the ligand. Other 
techniques are designed to utilise different physico-chemical properties of the protein, 
such a size or molecular radius, to remove alts and smaller components, or, the 
ability to form ionic bonds with the resin under different chemical conditions such as 
ionic trength/compo ition and pH. 
The electrophoretic technique of isoelectric focu sing is also useful as it utilises 
the i oelectric point of a protein. By creating a pH gradient within an electric field, the 
component proteins of a mixture can be separated as they migrate to the point in the 
pH gradient at which their net charge is zero (i.e. their isoelectric point or pl). Finally, 
a a protein reache homogeneity, polyacrylamide gel electrophoresis under 
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denaturing conditions is routinely used to check that all contaminants have been 
removed prior to any attempt at sequencing. 
2.1.3 Aims 
The aim of this work was firstly, to examine the number of CAD isoenzymes in 
sub. clover. Secondly, to purify one or more isoenzymes to homogeneity and 
characterise the protein/s, and thirdly, sequence the N-terminus of a CAD protein if a 
ufficient quantity of pure enzyme could be obtained. N-terminal peptide sequence 
data is es ential to the design and use of oligonucleotide primers, which were used in 
the molecular strategies successful in isolating a CAD cDNA sequence, as will bee 
seen in Chapter 4. 
2.2 EXPERIMENTAL PROCEDURES 
2.2.1 Materials 
2. 2. 1. 1 Chemicals and reagents. 
Acetic acid - Ajax Chemicals 
Blue Sepharose CL-6B - Pharmacia 
Bromophenol blue (BPB) - Bio-Rad 
BSA - Sigma 
Conifery 1 alcohol - Aldrich 
Coomassie brilliant blue (CBB) - Bio-Rad 
Cyanogen bromide - Aldrich 
DEAE Sephacel - Pharmacia 
Dithiothreitol (DTI) - Sigma 
Ethylene glycol - BDH 
Ethanol - BDH 
Ferulic acid - Aldrich 
G-50 Sephadex - Pharmacia 
Glutathione - Sigma 
Glycine - Ajax Chemicals 
HCl - Ajax Chemicals 
Methanol - BDH 
MIT-Sigma 
NAD-Sigma 
NADPH - Sigma 
PMS - Sigma 
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SDS - Sigma 
Sinapic Acid - Aldrich 
TEMED - Sigma 
Tricine - Sigma 
Tri - Sigma 
B-mercaptoethanol - Sigma 
2. 2 .1. 2 Enzymes and markers. 
Endoproteinase GLU-C (Staphylococcus aureus V8) - Sigma 
Low molecular weight markers (LMW) - Pharmacia 
High molecular weight markers (HMW) - Pharmacia 
Polypeptide molecular weight calibration kit (PMW) - Pharmacia 
2. 2 .1. 2 Buffers and solutions. 
1) Protein extraction buffer 
100 mM Tris-HCl, pH 7.5; and 0.1 % B-mercaptoethanol. 
2) pH 6.5 and pH 7 .5 Buffers 
Two general protein buffers were used for chromatography of protein samples and 
comprised l0mM sodium/potassium, and had a pH of either 6.5 or 7.5; with 10% (v/v) 
AR grade ethylene glycol; and 2mM DTT. 
3) Coniferyl alcohol stock solution 
Add 100 mg coniferyl alcohol to 25 mL HPLC grade methanol. Final concentration of 
conifery 1 alcohol was 22mM. 
4) CAD enzyme activity gel stain solution 
To prepare 50 mL of the stain solution 500 µL of coniferyl alcohol stock solution (3 
above) was added to 25.0 mg of either NADP or NAD and 50.0 mL of 0.lM Tris, pH 
8.8. 
5) MIT/PMS CAD enzyme gel stain solution 
Add to CAD enzyme activity gel stain solution (4 above) 25.0 mg MTT and 0.5 mg 
PMS. 
2.2.2 Methods 
2. 2. 2. 1 Growth of plant material. 
Plant of Trifolium subterraneum ( cv Karridale) were grown in trays in temperature 
controlled glasshou es (30°C day & 20°C night) for at least two week prior to wounding 
and harve ting. Plants that were separated into leave , roots and terns were harvested for 
i oenzyme analy is. Plants cut off at the root stem boundary were used for the 
preparative sca~e purifications, then washed, weighed and immediately immersed in 
liquid nitrogen. 
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2. 2. 2. 2 Wounding and elicitation of plants. 
Experiments were performed using both mechanical wounding and elicitors to 
tudy their effects on the level of CAD activity over time. Wounding involved mechanical 
damage to the leaves and stems of 14 day old plants using a multi-needle hand punch. 
Glutathione was used as an elicitor of genes in the phenylpropanoid pathway (Wingate et 
al., 1988). 14 day old plants were sprayed with 0.1 % solution of glutathione. Whole 
plant were then harvested at 0 hrs, 1 day, 2 days, 4 days and 7 days and purified as in 
Sections 2.2.2.2 and 2.2.2.4-5. Total CAD activity was calculated on units per milligram 
of fresh weight ba is, the operational units used in this study are defined below in section 
2.2.2.18. Non-wounded/elicited controls were planted, grown and harvested under the 
same environmental conditions. 
2. 2. 2. 3 Extraction of total plant proteins. 
Plants were harvested whole and washed under tap water to remove the soil from 
roots. Plants were then either separated into roots stems and leaves, or processed whole. 
The plant material was frozen in liquid nitrogen and homogenised into a fine powder in a 
pre-cooled mortar and pestle. The finely ground powder was then transferred into a 
protein extraction buffer comprising 1 00mM Tris-HCl, pH 7 .5; and 0.1 % B-
mercaptoethanol. The solution was then stirred for approximately 15 min. at room 
temperature. 
2. 2. 2. 4 Determination of total protein. 
Total protein was assayed using the method of Bradford (1976) using a Bio-Rad® 
(Hercules, California) protein assay kit. Protein standard curves were generated using 
BSA fraction V. Separate standard curves were made for the ranges 1-20 µg and 20-150 
µg mL- 1 of protein as required. 
2. 2. 2. 5 Ammonium sulphate fractionation of total protein extracts. 
The olution containing the homogenate in Section 2.2.2.3 was then filtered 
through 2-3 layers of Miracloth® (Calbiochem, La Jolla, California) to remove large 
in oluble particles. Ammonium sulphate was then added to the filtrate to a final 
concentration of 50% and kept at 4 °C for 4 hr to precipitate unwanted proteins. The 
filtered homogenate was then centrifuged at 7000 RPM in a GS3 rotor for 45 mins, the 
upernatant collected, and ammonium sulphate added to a final concentration of 80%. 
The olution containing salt wa left for at least 2 hrs, or, preferably overnight at 4 °C. 
The olution wa then centrifuged at 7000 RPM for 45 min in a GS3 rotor and the 
upernatant di carded. The pellet wa then re upended in l00mM Tri -HCl, pH 7.5; 
and 0.1 % B-mercaptoethanol. 
2.5 
CAD Biochemistry and Enzymology in Sub. Clover 
2. 2. 2. 6 G-50 Sephadex chromatography. 
Desalting of the protein sample was done using a G-50 (fine grade) Sephadex 
column, of 50 x 2.5 cm. The protein sample in approximately 5-50 mL of extraction 
buffer was loaded onto the column. The protein was then eluted from the column with 
pH 6.5 Buffer (see Section 2.2.1.2). 2-5 mL fractions were collected and those showing 
CAD activity were collected and pooled. 
2. 2. 2. 7 Dialysis of active protein fractions. 
Active protein fractions were dialysed using Spectra/Par® Molecularporous dialysis 
membrane (Spectrum®, Houston, Texas) with a molecular weight cut off of 6,000 to 
8,000 kDa. Samples were dialysed against pH 6.5 Buffer overnight at 4°C. 
2. 2. 2. 8 Preparative electrophoresis. 
Preparative electrophoresis of active CAD fractions was performed using the Bio-
Rad Model 491 Prep Cell using native conditions as follows. A separating gel of 12 % 
T/2.67% C; 0.375 M Tris-HCl, pH 8.8 was overlaid by a stacking gel of 4% T/2.67% 
C; 0.125 M Tris-HCl, pH 6.8. Pooled active fractions collected off the G-50 Sephadex 
column were first concentrated on a Minicon® (Amicon®, Beverly, Massachusetts) 
macrosolute concentrator until the volume was approximately 3 mL, and this was made 
up to 5 mL in sample buffer: 0.05 M Tris-HCl, pH 6.8; 0.1 % glycerol; and 0.25% BPB. 
The electrode buffer was lx Tris-glycine, pH 8.8. Samples were electrophoresed for 3-4 
hrs at 250-300 volts with constant current. All buffers contained lmM DTT and 10% 
(v/v) AR grade ethylene glycol. Collection of 1-1.5 mL fractions was started after the 
BPB blue dye had eluted. Fractions were assayed for activity as per Section 2.2.2.18. 
2. 2. 2. 9 Blue Sepharose ( CL-6B) chromatography. 
Blue Sepharose is an affinity adsorbent used in the purification of NAD and NADP 
dependant enzymes (Beissner & Rudolph, 1978). The affinity ligand comprises the dye 
Cibacron Blue, which interacts with the enzyme at the co-factor (NADP) binding site of 
the enzyme. A Column of Blue Sepharose, 15 cm x 5 cm, was washed with 2-3 litres of 
distilled water overnight prior to use. Samples were loaded onto the column and allowed 
to soak on for 30 min. to 1 hr prior to elution. Unbound material was washed off with a 
single wash of lx pH 6.5 Buffer followed by lx pH 7.5 Buffer. CAD was then step 
wise eluted with pH 7.5 Buffer+ 2mM NADP. The matrix was then regenerated after 
use by soaking in 6 M urea followed by salt cycle regeneration as described by the 
n1anuf acturer (Pharmacia). 
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2. 2. 2 .10 DEAE-Sephacel anion exchange chromatography. 
A column of DEAE-Sephacel, 45 x 1.8 cm., was prepared and equilibrated using 
either pH 6.5 or pH 7.5 Buffer. The CAD preparations were then added onto the column 
and wa hed with the equilibration buffer to remove any non-adsorbed material. CAD was 
then eluted with a gradient by addition of 0.15-0.2M NaCl to the equilibration buffer. 
2.2.2.11 FAFF (feruyl affinity) column chromatography. 
The Sepharose affinity adsorbent comprising either sinapic or ferulic acid was 
bound covalently to CnBr-activated Sepharose 4B (Pharmacia) as per the manufactures 
in tructions. The column was equilibrated with pH 7.5 Buffer, then sample containing 
CAD activity added. Unbound proteins were washed off and the enriched CAD fraction 
eluted by either a gradient of 10-l00mM phosphate buffer, pH 8.5 containing 2mM DTT 
and 10% (v/v) ethylene glycol or a step wise elution with l00mM of the same buffer. 
2. 2. 2 .12 Preparative scale isoelectric focussing (/EF) of sub. clover CAD. 
Preparative scale isoelectric focussing was done using the Bio-Rad Rotofor® IEF 
Cell apparatus and protocols supplied. A number of Bio-Lyte® ampholyte concentrations 
and mixtures were used, which varied from a broad range pH of 3-10, to a narrow range 
pH of 4-6 and 5-7. Mixtures of all three ranges were also tried. The Cell was loaded with 
55 mL sterile deionised water plus 2% total (w/v) ampholytes and the pH gradient was 
allowed to form for 2 hours, after which the voltage, set at 3000 V and using constant 
current, had usually stabilised at between 900 to 1000 V. CAD active fractions off the G-
50 Sephadex column were pooled and concentrated down using a Minicon® (Amicon®, 
Beverly, Massachu etts) macrosolute concentrator until the volume was approximately 3 
mL, then made up with ampholytes to a total of 2% w/v in a final volume of 5 mL prior 
to loading into the prefocused Cell. The 5 mL sample was then loaded onto the 
prefocused Cell and the voltage re-applied. The Cell was run for 1 hr after the voltage had 
tabilised to between 850-1000 V (usually within 3-5 hrs). Fractions were then collected 
immediately as per manufacturers instructions and stored at 4 °C. Twenty fractions of 
approximately 2.5 to 3.0 mL were collected from the Cell_per experiment. Fractions were 
either a ayed directly or dialy ed against the activity assay buffer, and the total CAD 
activity per fraction measured as per Section 2.2.2.18. 
2.2.2.13 Native-PAGE. 
Native protein amples were separated on either native continuous or gradient 
di continuous polyacrylamide gels [Precast 3-30% gels (Gradipore®, Pyrmont, 
Australia)]. The gel running buffer wa : Tri -glycine, pH 8.3; and lmM DTT. 
Electrophore i wa performed at 100 V at 4 °C for the first 30 min. until the BPB dye 
had run into the top of the gel, then at 50 V for 19 hr , or 60 V for 16 hr . Both LMW 
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and HMW markers were run on the same gel. Pooled active CAD fractions collected off 
the G-50 Sephadex column were first concentrated on a Minicon® (Amicon®, Beverly , 
Massachusetts) macro olute concentrator until the volume was approximately 3-5 mL, 
and then a 50-100 µL sub sample of this was made up to 500 µL in ample buffer: 
0.05M Tris-glycine, pH 8.3; 0.1 % glycerol; 0.25% BPB; and lmM DTT. 
Continuous gels were run essentially as per instructions supplied with the Bio-Rad 
Mini-Protean® Dual Slab Cell gel electrophoresis apparatus, but with a number of 
modifications for native protein analysis. A 4% stacking gel was included (125 mM Tris-
Glycine, pH 8.3 buffer) overlaying a separating gel (375 mM Tris-Glycine, pH 8.3 
buffer) of between 7.5% to 15%. Stock Acrylamide:Bis was 30%T, 2.67%C. All gel and 
buffer solutions contained 0.2% ~-mercaptoethanol or 2mM DTT. Running buffers were 
between 50-150mM Tris-Glycine, pH 8.3. 
Discontinuous gels of high pH were run as for continuous gels above but with the 
following changes: the 4% stacking gel buffer was 125mM Tris-HCl, pH 6.8; and the 
separating gel of between 7.5% to 15% used 375mM Tris-HCl, pH 8.8 buffer. 
2.2.2.14 SDS-PAGE. 
SDS-PAGE was performed on CAD protein samples electroeluted from native gels 
as per Laemmli (1970) using the Bio-Rad® Mini-Protean® Dual Slab Cell gel 
electrophoresis apparatus. 
Alcohol Aldehyde 
CAD-N ADP+ ---~_.,;;;a-_J_:;;....._----:~=-----....;>--~ N ADPH 
CAD 
CAD-NADP+..,.-C:.,__ ____ ,._) ____ NADP+ 
MTT 
Dye Precipitate 
Figure 2.1 CAD enzyme activity and gel staining assay outline. 
PMS 
PMS 
The rever e reaction involve the oxidation of coniferyl alcohol to coniferaldehyde which 
ha an ab orbance maxima at 400 nm. The re olution of CAD active bands was enhanced 
in native gradient gel via a coupled reaction, which utilise PMS and MTT to create an 
in oluble purple coloured formazan dye. 
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2. 2. 2 .15 Enzyme activity staining in native gels. 
The enzyme was assayed post electrophoresis in native gradient gels by staining for 
activity by oxidation of coniferyl alcohol to coniferaldehyde using the following two 
methods. 
1) Coniferaldehyde colour reaction stain. 
100 µl of 22mM coniferyl alcohol (in 100% Methanol) and 100 µl of lOOmM NADP was 
added to 10 mL O.lM phosphate buffer, pH 8.8. Yellow bands of coniferaldehyde 
indicated the presence of active CAD. 
2) MIT and PMS staining: 
To the above stain solution (1) 5 mg of MTT and 0.1 mg PMS was added. Gels were 
incubated for 1/2-2 hr and blue-grey bands indicated the presence of active CAD enzyme. 
The blue bands are due to conversion of MTT into a water insoluble formazan dye, 
formed by a coupled reaction involving the co-enzyme (either NADP or NAD) and PMS 
(see Figure 2.1). 
2. 2. 2 .16 Total protein staining of gel separated proteins . 
1) Coomassie brilliant blue (CBB) G-250 & R-250. 
Gels were stained from 1/2 to 3 hrs prior to destaining and visualisation of protein bands. 
Stain olutions were prepared as per manufacturers (Bio-Rad®) instructions. 
2) Copper staining. 
Gels were stained and destained using the Bio-Rad® Copper Staining & Destain Kit and 
the method of Lee et al. (1987). 
2. 2. 2 .1 7 Enzyme kinetics. 
Apparent Kms (µM) were determined using the Lineweaver Burk equation from 
graphs of velocity versus substrate concentration for the NADP-dependant reverse 
( oxidation) reaction using the substrates conifery 1, cinnamy l and sinapy l alcohols, 
operational units are as decribed in the next section. 
2. 2. 2 .18 Spectrophotometric assay of CAD enzyme activity. 
The enzyme was assayed by absorbance at 400 nm using a modified method of 
Wyrambik & Grisebach (1975). 10 µL of a protein sample in solution from any step in 
the purification procedure was added to the following: 890 µLO. lM Tris-HCl, pH 8.8; 
50 µL of lOOmM NADP; and 50 µL of coniferyl alcohol stock solution. The conversion 
of coniferyl alcohol to coniferyl aldehyde by CAD produces a yellow colour change with 
maximum ab orbance at 400 nm due to coniferaldehyde formation or, an increase in 
ab orption at 340 nm resulting from NADPH formation ( ee Figure 2.1). Data were 
collected on a PYE UNI CAM SP 8-100 Ultraviolet Spectrophotometer. The molar 
extinction coefficient (£400 ) of coniferaldehyde wa 17 .6 x103 M- 1 cm- 1 in Tris-HCl, 
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pH 8.8 (Hawkins & Boudet, 1994 ). The operational units used were defined as one unit 
of enzyme activity being equal to an increase(~ O.D.) of 4xlo-3 O.D. at 400 nm every 
996 ec. The conversion factor of operational units to katal is; 1 unit of CAD activity is 
equal to 2.282 x 1 o-4 nkat mg- l of total protein. 
2.2.2.19 Molecular weight [Mr] determination of enzymes. 
The molecular weights [Mr] of the native enzymes were determined as per Hedrick 
and Smith (1968). CAD samples were electrophoresed on native gradient gels and the 
location of active CAD bands marked. Gels were then stained with CBB G-250 for total 
protein. Furguson plots of KR vs molecular mass for protein marker standards were used 
as a standard curve from which to estimate the molecular mass of the native CAD 
enzymes. 
2. 2. 2. 2 0 Electroelution of proteins from polyacrylamide gels. 
Native gradient activity gels were stained with CBB R or G-250. CAD active 
protein bands were removed and electroeluted using a Bio-Rad® Model 422 Electro-
Eluter and the manufacturers recommended protocols. 
2. 2. 2. 21 Protein blotting and N-terminal peptide sequencing. 
Proteins were blotted from gels onto PVDF (Bio-Rad®) membranes using a Bio-
Rad® model 422 Electro-Eluter. The apparatus was modified by placing a disk of PVDF 
over the bottom gasket which formed a water tight seal with the glass tube after 
attachment. Transfers were made using a modified Towbin buffer (Towbin & Gordon, 
1984). The buffer was either Tris-Glycine or Tris-Tricine with other components 
unchanged. Transfers were typically done using 6-10 mA constant current per tube for 1-
3 hrs until all the dye had transferred. All transfers were carried out at 4 °C in pre-cooled 
buffer. PVDF membrane disks were washed thoroughly after transfers with 3 washes of 
100% Methanol then air dried prior to sequencing. N-terminal sequencing was performed 
on a ABI Model ( 477 A) Automated Protein Sequencer. 
2.2.2.22 Peptide mapping via V8 protease. 
The peptide was digested using both a standard and a modified technique involving 
the endoproteinase GLU-C of Staphylococcus aureus V8. Gel slice corresponding to the 
CAD active band were excised from 3-30% gradient gels and either electroeluted or 
digested directly in the gel, and electrophore ed according to the methods of Sweatt et al. 
(1989) or Cleveland et al. (1977). 
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2. 2. 2. 2 3 Peptide mapping via cyanogen bromide ( CnBr) cleavage. 
CnBr digests of sub. clover CAD were done by dige tion of protein within 
homogenised and unhomogenised gel slices. Cleaved protein fragments were separated 
via tandard SDS-PAGE (Laemmli, 1970) or the method of Shagger and von Jagow 
(1987). 
1) Gel Lyophilization 
Gel slice corresponding to the CAD active band were excised from 3-20% gradient gels 
and lyophilised. The dried gel slices were then treated in one of two ways. The method of 
Barsh and Beyers (1981) involved rehydration of lyophilised gel slices in 70% formic 
acid; 20 mg mL-1 CnBr; 6 mg mL-1 phenol, and acid hydrolysis was allowed to proceed 
for 4 to 24 hrs. Cleavage in an atmosphere of CnBr was performed by the methods of 
Barsh and Byers (1981) and Zingde et al. (1985). 
2) Gel homogenisation 
The methods of both Lonsdale-Eccles et al. (1981) and Mahboub et al. (1986) were used. 
2. 2. 2. 2 4 Computer analysis of protein sequences. 
Amino acid data, for which the complete sequence data were available, were 
analysed using the program PeptideSort running in GCG (Devereaux et al., 1984) on the 
Australian national genome information service (ANGIS) mainframe computer. 
2. 3 RESULTS AND DISCUSSION 
2.3.1 Enzymology of CAD in Sub. Clover 
CAD isozymes and tissue distribution. 
The purification of CAD from total plant protein extracts required the removal of all 
non- pecific dehydrogenase activity. Sub. clover has a very active general ADH which 
produced activity with endogenou substrates resulting in activity bands on native 
gradient gel . However, the ammonium sulphate 50%-80% fraction successfully 
removed all the ADH activity from the crude extract, leaving only the activity for 
coniferyl alcohol ubstrate with NADP and NAD co-factors, and no precipitative loss of 
the CAD enzyme. All amples were then desalted by size exclusion chromatography on 
G-50 Sephadex, and the pooled active fractions concentrated prior to further analysis and 
purification. When de alting CAD using G-50 Sephadex recovery of the total activity 
loaded varied from 50% to 120%. The activity eluted off the column as a broad peak, 
with an occa ional shoulder as seen in Figure 2.2. Concentration of the pooled active 
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Figure 2.2 Fractionation of CAD on G-50 Sephadex. 
Ammonium sulphate (50-80%) crude extracts were concentrated then desalted on a 
column of G-50 Sephadex. CAD eluted as a single peak with an occasional smaller 
shoulder prior to the main activity peak, as seen in this chromatogram. CAD activity in 
units (red) is shown on the right y axis. Protein absorbance at 280 nm (blue) is shown on 
the lefty axis. 
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fractions was nece ary to facilitate analysis of isoenzymes by native PAGE and for 
further purification steps. However, concentration - either by dialysis or absorption ultra-
filtration - always resulted in a further lo s of activity. The loss varied from 
approximately 50-80% of the total activity in the pooled sample prior to the 
concentration tep. 
CAD activity was initially analysed on native discontinuous polyacrylamide slab 
gel . However, these gave poor resolution as bands of CAD activity appeared as broad 
mears. Native gradient gels of 3-30% gave good resolution of the activity bands. 
Therefore, these gels were used for all further native PAGE separations of the enzyme. 
Total soluble protein extracted from sub. clover whole plants, ammonium sulphate 
precipitated then desalted on the G-50 Sephadex column, was concentrated then 
electrophoresed on a 3-30% native gradient gel. This gel was cut in two, with one part 
being used for detection of CAD activity bands (Figure 2.3), and the other part for total 
protein (Figure 2.4). 
The gel stained for CAD activity (Figure 2.3) was first cut into two equal halves 
prior to staining. A was stained with the yellow substrate stain and B with the dye 
precipitate stain, as per Section 2.2.2.15. CADs 1-3 are clearly visible in A with CAD6 
appearing as a very faint band towards the top of the gel at about 182 kDa. CADs 1 and 2 
always appeared as a single broad yellow band in A, which only resolved into two 
separate bands in B. CADs 1-3 and 6 produced corresponding bands to those seen in A, 
whilst CADS was only detected as a dye precipitate band. On rare occasions a yellow 
activity band was seen in all tissues lying between CADs 4 and 6 and was named CAD7 
(see below and Figure 2.5). 
Figure 2.4 shows total protein staining of the other half of the gradient gel. The gel 
was first substrate stained (yellow only), the location of visible activity bands marked as 
soon as they appeared, then immediately stained for total protein with CBB G-250. The 
only CAD activity band which produced a corresponding protein band was CAD 1. The 
relative mobilities (KR) of each isozyme were determined from native gels as per section 
2.2.2.19. The relative mobilities were always constant as a percentage of the distance 
migrated. 
CAD 1 wa always the most abundant isoform seen. It exists as a dimer with an 
apparent molecular weight of 82,000, requires NADP exclusively as a co-factor, and was 
found in leave , stems and root . It has a pH optimum of 8.8 in Tris-HCl which was 
con i tent with previous observation (Wyrambik & Grisebach, 1979). The activity in 
leave wa highest followed by tern then root . CAD2 was the next most abundant 
i oform and wa found mo tly in stem followed by leave then root . CAD2 i a dimer 
with an apparent molecular weight of about 84,000 and could utilise NADP or NAD. The 
broad CAD 1/2 doublet een in A of Figure 2.3 represented the majority (approximately 
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CADS ---+ 
CAD6 ---+ 
CAD2 ---+ 
CADl ---+ 
CAD3 ---+ 
A B 
2. 15 
Mr (kDa) 
- 669 
- 440 
- 232 
- 140 
- 67 
Figure 2.3 Native 3 - 30'½ gradient gel stained for CAD activity with coniferyl 
alcohol and NADP. 
Crude extract from 20 gm of fresh weight plant was 50 to 80% ammonium 
ulphate fractionated then de alted via G-50 Sephadex column chromatography , 
the active fraction were po led and concentrated prior to electrophoresis. Lane A 
- activity tain, yellow diffu e band of CAD 1 & 2 are vi ible but not well 
re olved CAD3 vi ible bel w and CAD6 appear as a very faint diffuse band 
above . Lane B - dye precipitate tain CAD 1-3 5 & 6 can be clearly een. Ma l. 
Wt. marker (kDa) are: Thyroglobulin, 669~ Ferritin 440; Catala e, 232; Lactate 
dehydrogena e 140; and Albumin 67. 
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.-CADl 
Figure 2.4 Native gradient gel stained for total protein with CBB G-250. 
Other half of the native gradient gel electrophoresed in Figure 2.3. This half was 
fir t tained for activity with coniferyl ale hol and NADP only . The location of 
the yell w CAD 1 activity band was marked. The gel wa then imn1ediately 
stained with CBB G-250 for 2 to 3 hrs, followed by 6 to 12 hr de tain. 
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CAD5 
CAD7 
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CAD4 
_,,, CAD2 
" CADl 
CAD3 
Figure 2.S Schematic outline of CAD activity in 2-30% native gradient 
gels with NADP and NAD. Gels are stained for activity which produces 
diffuse yellow bands. The tetrazolium stain (Blue bands) give an increased 
resolution due to the dye precipitate forming well defined bands. 
The main activity band found in all tissues was CAD 1 which is NADP 
dependant only. CAD2 was the next most abundant, is NADP dependant, 
was found mostly in stems and leaves, and ran as close doublet above 
CADl. CADS was found only in roots. CAD6 uses both NADP and NAD 
and is found in stems and leaves. CAD4 and CAD7 are NAD dependant 
and are found in all tissue types. 
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90%) of activity seen on native gradient gels, the other CAD activity bands combined 
represented less than 10 % of the remainder. 
The examination of CAD isoforms included a survey of their ability to use either 
NAD or NADP. The size, tissue source, relative abundance and co-factor requirements of 
the seven observed sub. clover CAD isoforms are listed in Table 2.1 and the gels are 
summarised diagrammatically in Figure 2.5. Only two activities were detected only with 
NAD, CAD4 was a group of two or occasionally three bands seen in roots, stems and 
leaves. CAD7 also appeared in all three tissues, but was only ever seen as a single yellow 
band. Three minor activities were seen on occasion; between CAD 1 and 3 in roots with 
NADP + dye staining, and in leaves with NAD + yellow substrate staining; and another 
yellow band below CAD3 in leaves with NADP. 
Up to seven different isozymes of CAD were detected in different tissues of sub. 
clover. This is not unusual even though one of the first surveys by Mansell and co-
workers (1976) had found that the majority of plants (89 species from a range of different 
genera) had either: no detectable CAD activity (24); a single isoform (42); occasionally 
two isoforms (4); and only Salix and one species of Acer (saccharinum) showed three or 
more isoforms. Pillonel et al. ( 1992) demonstrated the presence of up to six isoforms in 
different lines of wheat depending upon the ploidy of the line examined, the higher the 
ploidy the greater the number of isoforms in a given line. 
Table 2.1 Summary of isoenzymes of CAD in sub. clover. 
Enzymea 
CADl 
CAD2 
CAD3 
CAD4 
CADS 
CAD6 
CAD7 
Occurrenceb 
Leaves>stems>roots. 
(Most abundant) 
Stems> leaves>roots 
Leaves, possibly stems 
Leaves and stems, low in roots 
Roots only 
Leaves and stems 
Leaves and stems, low in roots 
Coenzyme 
NADP 
NADP 
NADP 
NAD 
NAD>NADP 
NAD>NADP 
NAD 
Mr 
82000 
84000 
60000 
105000 
360000 
182000 
142000 
Notes: a - See Figures 2.3 (native gradient gel of total CAD activity) and 2.5 (summary 
of isoform ) al o. b - Occurrence of each isoform where detected and in decreasing level 
of abundance in a given tissue. 
2.3.2 Purification of Sub. Clover CADl Isoenzyme 
The mo t abundant i oenzyme of CAD in sub. clover was CADl. It was therefore 
the mo t suitable candidate for characteri ation and for purification to homogeneity for N-
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terminal equencing. A number of different approaches were used to purify the CADl 
i ozyme from sub. clover. Both isoelectric focusing (IEF) and native gel electrophoresis 
on a preparative scale were tried. A more traditional approach using sequential 
chromatography on different adsorbents was also employed. Any purification strategy for 
isolating CAD necessarily involves the use of native procedures at all times, as the 
activity assay is the only means by which the progress and purity can be determined 
throughout purification. 
Firstly however, mechanical wounding or elicitor treatment were examined for their 
effects on the pattern of CAD isoenzyme expression, since the induction of the lignin 
pathway enzymes is known to be a component of the wounding/defence response of 
many plants (see Section 1.7, Chapter 1). Also, due to the low level of CAD in sub. 
clover, wounding/elicitation may be a useful means to increase the overall yield of 
enzyme at the start of purification. 
2. 3. 2. 1 Wounding and elicitor effects on CAD activity 
The total CAD activity for coniferyl alcohol could be induced slightly over untreated 
controls by mechanically wounding or by elicitation with glutathione - which is an 
inducer of genes of the phenylpropanoid pathway (Wingate et al., 1988). Mechanical 
wounding had the greatest effect on the total extractable CAD activity seen over a seven 
day period, and the results from a single experiment are shown in Figure 2.6. Total CAD 
activity per gram of fresh weight initially declined during the first 24 hrs (day 1) post 
wounding by almost 25%, the level then increased over the following 72 hrs (day 4) to a 
level 25 % above O hr prewounding start. This result is similar to that seen by Dalkin and 
co-workers ( 1990) for alfalfa cell suspension cultures treated with an elicitor preparation 
from cell walls of a phytopathogenic fungus. They noted a 2 fold increase in maximum 
activity 24 hrs post treatment. A similar study by Messner and Boll (1993) using elicited 
spruce suspension culture cells showed a rapid two fold induction of CAD activity within 
72 hrs, but no initial decline prior to this. Native gradient gels, activity stained for total 
CAD from wounded sub. clover plants, showed that the increase was accounted for by 
an increase in the CAD 1 isozyme. No new CAD bands appeared on wounding and none 
of the minor bands appeared to be affected. 
Mitchell et al. (1994) examined wound/elicitor induction of CAD activity in wheat 
leave and noted that induction is highly localised around wound sites. They also 
examined CAD activity level for the three ubstrates coniferyl, sinapyl and p-coumaryl 
alcohol. Their experiments involved both mechanical wounding and mechanical 
wounding followed by elicitor treatment with an extract from a pathogenic fungus. They 
found important differences between activity levels for each of the three substrates. CAD 
activity for inapyl alcohol increa ed 2.8 fold 42 hr po t treatment whereas coniferyl 
alcohol only increa ed 1 .4 fold. More importantly, they demonstrated that ignificantly 
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higher level of CAD activity occur around wound margin than doe in whole leave . 
Specific activity for sinapyl alcohol l ncreased 9.8 fold while coniferyl alcohol increa ed 
2.9 fold 42 hr post treatment at the wound margins. Pillonel et al. (1992) found multiple 
i oform in two different varieties of the same hexaploid wheat species examined by 
Mitchell and co-workers. This study provides some evidence that a different enzyme 
could be re ponsible for the change in substrate specificity of CAD extracted from leaf 
margins around wound sites. Both these studies involved alcohol substrates when 
creening native gels from crude extracts. However, the earlier work demonstrated the 
presence of two isoforms using native substrates, CAD 1 had almost equal preference for 
all three aldehydes while CAD2 had almost double the activity for p-coumaraldehyde, a 
imilar preference for coniferaldehyde, and no affinity for sinapaldehyde. Thus it would 
appear that neither wheat CAD 1 or CAD2 could account for the differences in CAD 
activity een in the later study. However, as maintaining enzyme activity was noted as a 
major problem during purification by Pillonel et al. (1992), the loss of a minor (i.e. low 
abundance) isoform (specific for sinapyl or coniferyl) at earlier stages would have 
precluded their characterisation. 
12 
10 
8 
Total CAD 
activity 6 
per gram 
fresh wt 
4 
B Wound 
2 
• Control 
0 
0 2 4 6 8 
Time (days) 
Figure 2.6 Total CAD activity per gram of fresh weight. 
NADP dependant CAD activity measured from wounded whole plant and control . 
The above ob ervation are important in term of the results obtained in sub. 
clover. Fir tly, the low level of CAD induction was probably due to dilution of the 
enzyme when preparing extract from whole plants, rather than from wound margins 
alone, although to do thi would involve practical difficultie of cale due to the mall ize 
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of clover leaves. Secondly, the study of all the minor CAD isoforms - their temporal and 
patial regulation plus substrate specificities - will be essential in order to gain a clearer 
under tanding of mechanisms regulating lignin formation and its chemical structure 
during the wounding response. 
2. 3. 2. 2 Preparative IEF of CAD 
Preparative scale isoelectric focusing was done using CAD collected and 
concentrated off the G-50 Sephadex column. Figure 2.7 A shows the total protein per 
fraction, B shows the activity and the percentage of total CAD activity recovered per 
fraction, and C shows the pH gradient across all factions from a typical preparative scale 
Rotofor® IEF experiment. Approximately 2.5 mg of total protein comprising 36.5 units 
of CAD activity was loaded into the Cell. Enzyme activity post separation was detected in 
8 of the fractions (3-10) and comprised two peaks (fractions 4 & 8), with fraction 4 
having the highest activity. However, no activity bands were detected in any fraction 
when analysed by native PAGE. Only low recoveries of the total activity were achieved, 
the experiment in Figure 2.7 was typical, with just 5.2% of the total CAD activity loaded 
(36.5 Units) detected across the 8 fractions that contained activity. 
The low recoveries could have been due to a number of factors. The experiment 
always produced precipitation of protein in the fractions that contained activity and 
precipitation always occurred within the 4.0 to 5.5 pH range. It is possible that the low 
recoveries of activity were due to inactivation of a majority of the enzyme due to 
precipitation with other proteins in solution, also many proteins are insoluble at their 
isoelectric points (Harris, 1989). Dialysis of the fractions against the CAD assay reaction 
buffer did not result in an increase or recovery of activity in any fraction. No loss of 
activity was detected in the sample plus ampholytes prior to loading into the Cell, 
indicating that the ampholytes did not inhibit enzyme function. Loading of the sample into 
different positions in the pH gradient was also tried in order to eliminate possible 
inactivation due to the enzyme passing through a particular pH and co-precipitating with 
other proteins. There was no difference even when samples were loaded at the pHs 
where activity was normally recovered. IEF is also extremely sensitive to protein 
microheterogeneity, such as stable conformers, subunit differences, degree of 
ub titution and other factors (Dunn, 1989). Evidence from anion exchange 
chromatography (see below) indicated that sub. clover CADl may be a heterodimer. 
A ummary of physical characteristics for complete CAD amino acid sequences 
from other plant i shown in Table 2.2. Amongst the e there are no CADs with a 
calculated i oelectric point a low as fraction 4 (pH 4.58) or 8 (pH 5.23) of sub. clover. 
However, the loblolly pine CAD heterodimer (1 .21 homozygote) isolated by O'Malley et 
al. (1992) had a pl of 4.6 e timated from an IEF gel, Sarni et al. (1984) estimated a pl of 
5.6 for poplar CAD with chromatofocusing, and Galliano et al., (1993a) e timated a pl of 
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Figure 2.7 Preparative scale isoelectric focusing of whole plant extracts on 
Rotofor® IEF Cell. 
2.22 
Samples off the G-50 Sephadex colunm were concentrated and an1pholytes added 
prior to loading onto the pre-focussed Cell. Twenty fractions were collected after the pH 
gradient had been stable (approximately 850-1000 V) for at least 1-2 hrs. Fractions were 
assayed for activity as per Section 2.2.2.17. 
A) Total protein in each fraction in micrograms assayed by the method of Bradford 
( 1976). 
B) The lefty axis shows the percentage of the Total CAD Activity, that was loaded onto 
the Cell, which was recovered in each fraction. The right y axis is the Units (U) of CAD 
Activity recovered in each fraction. 
C) pH gradient across all fractions. 
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Figure 2.7 Preparative scale IEF of Sub Clover CAD. 
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4.7 for pruce with chromatofocu ing. The calculated pl value from the amino acid 
equence (see Table 2.2) are: loblolly pine A and B, 5.82 and 6.43 respectively; and 
poplar, 6.39. The experimentally determined i oelectric points of the two sub. clover 
CAD activity peaks are not inconsistent with these results. Therefore, fraction 4 or 8 may 
repre ent one or more of the sub. clover i oform . 
Table 2.2 Physical properties calculated from peptide sequences of CAD proteins 
0 f d"f£ l 1 erent p ant species. 
Plant source Species/cultivar Mol. wt. No. of pl Chargedb 
(Daltons) Residues 
Alfalfa Medicago sativa cv. Apollo 38,948 358 5·69 
Alfalfa (p 1178) Medicago sativa 39,027 359 7.46 
Thale cressa Arabidopsis thaliana 39,098 365 5·32 
Thale cress (EL/3-1) Arabidopsis thaliana cv. Columbia 38,215 357 7·65 
Thale cress (EL/3-2 ) Arabidopsis thaliana cv. Columbia 38,942 359 7·20 
Aralia Aralia cordata 39,129 360 5.33 
Eucalyptusa E. botryoides 38,679 355 5·88 
Eucalyptus a E. gunnii (Hook) 38,860 356 6·07 
Eucalyptusa E. gunnii (Hook) 38,791 356 5·88 
Loblolly pine (A) Pinus teada L. 38,847 357 5·82 
Loblolly pine (B) Pinus teada L. 38,923 357 6·43 
Poplar Populus deltoides 39,034 357 6·39 
Spruce Picea abies L. 38,777 357 5·98 
Stylosanthes (lA) Stylosanthes humilis cv. Paterson 38,130 354 7·20 
Stylosanthes (3) Stylosanthes humilis cv. Paterson 39,551 363 6·28 
Tobacco (NTCADl4) N. tabacum cv. Samsun 38,906 357 6·07 
Tobacco (NTCADJ9) N. tabacum cv. Samsun 38,760 357 5·86 
Notes: The molecular weights are calculated from the coding sequences using the 
program PeptideSort running in GCG (Devereux et al., 1984). 
-9 
0 
-11 
1 
-1 
-12 
-8 
-7 
-8 
-10 
-6 
-8 
-9 
-1 
-9 
-7 
-8 
a - Denotes amino acid sequence translated from genomic DNA not cDNAs as 
for all other sequences. 
b - number of charged residues. 
Overall, the technique as a mean of enriching CAD was not suitable due to the 
low recovery of total activity. This may have been due to the precipitation problem, or 
other factor not determined, re ulting in inhibition or inactivation of the enzyme. Further 
work with thi y tern may yet reveal the e cau es and lead to its uccessful application. 
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Figure 2.8 Preparative electrophoresis of CAD. 
Samples off the G-50 Sephadex column were concentrated then l
oaded onto the 
PrepCell® and electrophoresed under native conditions (see Section 2.2.2.8). CAD
 
.activity eluted as a broad peak across many fractions. CAD activity
 in units (red) is 
shown on the right y axis. Protein absorbance at 280 nm (blue) is shown on the lefty
 
axis. 
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2. 3. 2. 3 Preparative scale electrophoresis of CAD 
Preparative scale electrophoresis of CAD was performed on a Bio-Rad Prep Cell 
under native discontinuous conditions. The Prep cell functions like a normal 
electrophoresis unit but has the additional feature of enabling the separated proteins to be 
collected as fractions off the end of the gel. It was tested as a means of separating and 
collecting the individual isoforms of CAD. Pooled active fractions off the G-50 Sephadex 
column were prepared and run as per Section 2.2.2.8. Initially, recovery of CAD activity 
off the Prep Cell was very poor. The addition of 10% ethylene glycol as a stabilising 
agent to all the buffers improved the recovery. 
Figure 2.8 shows a typical electrophoretic chromatogram obtained from this type of 
experiment. CAD was obtained as a broad peak comprising many fractions, but only 
about 10% of the total activity loaded was ever recovered. Reconcentration of the large 
number of fractions over which activity was spread resulted in further losses of enzyme 
activity (see Section 2.3.1 above). The technique gave no improvement in terms of 
resolving the isozymes compared to native PAGE on 3-30% gradient gels. 
2 . 3 . 2 . 4 Chromatography of CAD 1 isozyme 
Procedures published by other researchers working on CAD were used as a basis 
for purifying sub. clover CADl to homogeneity (see Chapter 1, Section 1.7.2). 
However, none of these methods proved suitable for the purification of CAD 1 from sub. 
clover. A different approach was required, and two schemes were developed. 
The first involved purification on Blue Sepharose, the blue dye is an affinity ligand 
for NADP co-factor enzymes, followed by two anion exchange steps on DEAE Sephacel 
using different pH's. The second approach involved the application of a substrate affinity 
column incorporating ferulic acid as the ligand and made specifically for purifying sub. 
clover CAD 1. 
Blue Sepharose and DEAE Sephacel anion exchange chromatography 
The first scheme developed that served to enrich· sub. clover CAD 1 involved the 
use of Blue Sepharose - post G-50 Sephadex - followed by two DEAE Sephacel anion 
exchange teps of sequential chromatography with pH 6.5 Buffer and 7.5 Buffer (see 
Section 2.2.1.2). The active fractions off the final column were pooled and concentrated. 
The sample was then separated by native PAGE, the gel stained for activity , and the 
location of the active band marked. The gel was then immediately stained for total protein 
with CBB R-250. This showed that CAD was the fastest migrating con1ponent of a five 
protein mix and is shown in Figure 2.9. The corresponding protein band was cut out of 
the gel and blotted directly onto PVDF, or eluted for further analysis. This material was 
used for N-terminal sequencing and internal cleavage via chemical and enzyme methods 
as outlined in Section 2.3.3 below. 
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CAD 1 
Figure 2.9 Native PAGE of CAD active fractions off DEAE ion exchange 
column , stained for total prot in with CBB-R250. 
Approximately 4.8 mg of total protein containing 900 Units of CAD activity 
were 1 acted on the gel. The 3-30% native gradient gel wa first stained for CAD 
activity with coniferyl alcohol and the po ition of the activity band marked on 
the gel. The gel was then tained for total protein with CBB R-250. The CAD 1 
band wa the faste t migrating con1ponent of a 5 protein mixture. This band wa 
cut ut and u ed for equencing and ub equent attempts at generating internal 
peptide fragment . 
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An important observation was made with anion exchange chromatography on 
DEAE Sephacel which demonstrated that sub. clover CAD 1 may be polymorphic. The 
enzyme was occasionally seen to separate into either an A and B form, as seen in Figure 
2.10 A. Even rarer was the observation of three separate, but not well resolved, peaks as 
in Figure 2.10 B. This may also be explained by elution of the one or more minor 
activities, however they represented such a low percentage of the total activity that the 
large peaks seen in Figure 2.10 must be fractions of the main CADl activity. 
The observation of multiple peaks can be explained from a number of important 
facts and observations. Firstly, Trifolium subterraneum (cv. Karridale) is a diploid and a 
near homozygous line (Dr. J. Watson pers Comm.). If CAD existed as a single gene in 
the parental lines, but the sequences and molecular weights differed, a diploid plant that 
produced a dimeric form of the enzyme would produce three variants: two homozygotes, 
one fast and one slow; and a single heterozygote that ran somewhere between the two. 
This observation could also be explained by the existence of different allele's at a single 
gene, however, in this case it is unlikely due to the cultivar being a near homozygous 
line. Polymorphism of the single gene encoding CAD was observed in loblolly pine 
(O'Malley et al., 1992). During purification of loblolly pine CAD, the enzyme 
polymorphism was found to be due to a single gene with two allele's. Heterozygotes 
produced three dimeric variants, which made purification via ion exchange ineffective. 
Therefore, homozygous individuals were used for the enzyme purifications and 
ubsequent characterisation and sequencing (O'Malley et al., 1992). CAD 
polymorphisms were also seen in all 8 polyploid wheats examined by Pillonel and co-
worker (1992), although these have yet to be examined in detail. An examination of 
Eucalyptus gunnii xylem showed the existence of a CADl and 2 with differing substrate 
specificities, molecular weights - the former existing as a monomeric enzyme while the 
later is a heterodimer comprising two sub-units of almost identical size (Goffner et al., 
1992). A recent study by Hawkins and Boudet (1994) involved purification of periderm 
CAD2 from Eucalyptus gunnii, and showed it to be polymorphic. CAD2 separated into 
two incompletely resolved peaks, CAD2a and CAD2b, when eluted from DEAE 
Sephacel. The b form wa ubsequently purified by Mono-Q chromatography into one 
minor and two major activity peaks, comprising what appeared to be two homodimers 
and a heterodimer. 
The exi tence of multiple isoforms and possible heterogeneity of CAD 1 in sub. 
clover indicates that more than one gene, i.e. a multigene family, may be present. 
Confirmation of this would require examination of the sub. clover genome for evidence 
of more than one sequence encoding CAD, and the work covered in Chapter 4 provides 
ome important molecular evidence that this may be the case in sub. clover. 
A SDS-PAGE of the band isolated from the gel in Figure 2.9 revealed no bands 
whatever when tained with CBB R-250, heterogeneity of the isolated CAD 1 could have 
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Figure 2.10 Elution of CAD into multiple peaks off DEAE Sephacel. 
Two elution profiles showing the appearance of multiple peaks when purifying the 
enzyme with DEAE ion exchange chromatography. The y axes show total protein 
absorbance (blue - A2so) at 280 nm, and units of CAD activity (red). The elution gradient 
was from O to 0.5 M NaCl. Occasionally the chro1natogram (A) would show CAD 
resolving into two separate peaks. An even rarer event was the resolution of CAD into 
three peaks comprising two major and one minor peaks (B). 
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accounted for this observation. However, it may also have been due to one or more 
impurities co-migrating with the CAD band on the native gel. 
Feruyl affinity (FAFF) chromatography 
A second strategy developed for the purification of CAD 1 involved the use of 
ferulic (coniferyl) acid or sinapic (sinapyl) acid as affinity ligands. Theoretically these 
two compounds, linked to a matrix as an affinity adsorbent, could be used to purify 
CAD. The affinity adsorbents were made by coupling the -COOH groups of the acids to 
the -NH2 of aminosepharose. The ferulic acid ligand worked best - this column was used 
in a modified purification procedure as outlined in Figure 2.11 - and the enzyme obtained 
by this procedure was used for kinetic analysis, as described in Section 2.3.4 below. 
Liquid Nitrogen crude extraction 
i 
Ammonium Sulphate precipitation 
( 40% - 80% fraction) 
i 
G-50 Sephadex or Dialysis 
! 
Blue Sepharose CL6B 
t 
Sepharose Affinity Chromatography 
(FAFF column) 
i 
DEAE Chromatography, Ph 6.5 
Figure 2.11 Outline of procedure used to purify CAD 1 for analysis of kinetic 
properties. 
Crude extracts of stems and leaves were prepared as in Section 2.2.2.1 & 3, non-
pecific ADH activity was removed by 50-80% ammonium sulphate precipitation, 
followed by desalting on a G-50 Sephadex column, and the CAD active fractions 
concentrated prior to further purification. The active fractions were then either dialy ed, 
or, further purified by a step wi e elution off a Blue Sepharose affinity column ( ee 
Section 2.2.2.9). FAFF chromatography was used next, and the enzyme was eluted step 
wi e from the column with 100 rnM NaCl ( ee Section 2.2.2.11). Active fraction off the 
i 
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FAFF column were further purified via anion exchange chromatography on DEAE 
Sephacel (pH 6.5) using a O.15-O.2M NaCl gradient (see Section 2.2.2.10) as shown in 
Figure 2.12. The purification and recovery values are listed in Table 2.3. 
Table 2.3. Purification of CAD 1 from sub. clover for analysis of kinetic properties. 
Units nkatal 
Purification step Protein Activity Specific Activity Specific Recovery Fold 
Activity Activity Purification 
mg Units Units mg- 1 pkat pkat mg- 1 % 
Ammonium Sulphate 503 1368 2.72 312 0.621 
(50-80% sat.) 
Sephadex, G-50 450 1031 2.29 235 0.523 75.4 0.8 
Blue Sepharose CL-6B 4.03 835 207.2 191 47.3 61.0 76.2 
FAFF Affinity column 0.51 616 1207.8 141 275.6 45.0 444.0 
DEAE - Seehacel - J2H 6.5 o.1-o.2a 510 2550-5100 116 528-1164 37.3 ~1875.0 
Notes: Values obtained are from a single preparation of 330 gm of fresh weight clover 
whole plants. a - Assay by the Bradford method could not be done as insufficient material 
was available, therefore the value is an estimate based upon A280 protein absorption 
value. 
Analysis of the active fractions off the DEAE column on 3-30% native gels required 
use of all the material due to the low amount obtained. A single activity band was seen. 
Subsequent staining with CBB R-25O produced a single faint protein band however this 
band did not correspond with the activity band. It was not possible at the stage of writing 
to isolate a sufficient quantity of pure CAD 1 prepared by the above method for 
sequencing work. However, the FAFF procedure produced a sufficient quantity - of the 
highest purity obtained thus far - of CAD 1 to enable some preliminary kinetics to be 
done. This work is covered in Section 2.3.4 below. 
The experience of other researchers had shown that CAD was a difficult enzyme to 
purify , and work on sub. clover confirmed this. Wyrambik and Grisebach ( 1979) 
encountered problems in obtaining a sufficiently large .amount of enzyme for chemical 
characterisation. They found that in order to obtain 350 microgran1s of pure soybean 
CAD, a 4,000 fold purification from 2 kilograms of wet soybean suspension culture cells 
was necessary. Groups working on Eucalyptus (Goffner et al., 1992) and soybean 
(Wyrambik and Grisebach, 1975) were not able to purify either the major (CAD2) or 
minor CAD species - which is similar to the CADl of sub. clover (see Section 2.3.4 
below) - to homogeneity. The total CAD (1 and 2) extracted from 600 g of Eucalyptus 
gunnii xylem represented only 0.06% of the total protein and was barely detectable 
(Goffner et al., 1992). 
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Figure 2.12 DEAE anion exchange chromatography (pH 6.5) of CAD. 
CAD active fractions collected of the FAFF column were subsequently further purified by x A-
anion exchange chromatography DEAE Sephacel at pH 6.5. CAD activity eluted as a 
single peak using a gradient of NaCl from 0.15 to 0.2 M. They axes show total protein 
absorbance (blue - A2so) at 280 nm, and units of CAD activity (red). 
.-,r= 
CAD Biochemistry and Enzymology in Sub Clover 
DEAE Ion Exchange (pH 6.5) 
1.0 
• 
• 
NaCl 100 
0.2M 
50 Units 
10 oL---------====~=~ ELUTION--. 
A2so--- Units of CAD Activity --- NaCl gradient -------
CAD Biochemistry and Enzymology in Sub. Clover 2.36 
Attempts were made to scale up both the Blue Sepharose/DEAE and the FAFF 
procedures described above, however, no significant increase in the total amount of 
activity in the final preparations was achieved. A continual problem affecting purification 
work was the absence of much CAD activity at various times throughout the year 
although no particular temporal pattern could be ascertained. Another problem was often 
the loss all the CAD activity early in the procedure for reasons as yet unknown. 
2.3.3 N-terminal Sequencing of the CADl Isozyme 
Any attempt at obtaining peptide sequence from a protein of interest requires that all 
impurities be removed beforehand. The CAD 1 protein band isolated from the gel in 
Figure 2.9 was electroeluted and the purity checked using SDS-PAGE, however, 
staining of the gel with CBB R-250 produced no band/s. A low concentration in the first 
gel and/or heterogeneity of the protein may account for this, although co-migration of 
impurities was also a possibility. 
The activity band in Figure 2.9 represented the entire sample, indicating the low 
quantity of material obtained. N-terminal sequencing was attempted on the band isolated 
from this gel, with the possibility of confirming that some protein, including CAD, was 
present in the sample. The entire band was transferred directly onto PVDF membrane 
disk, however no sequence was obtained. Restaining of the gel slice showed that the 
material had transferred, and the presence of CBB on the PVDF membrane post-transfer 
indicated that the protein had probably bound. Hydrolysis of the membrane confirmed 
this, and indicated that protein was present in sufficient quantity (approximately 30 pmol. 
for a single 40 kDa protein) to sequence had the N-terminus been accessible. The 
experiment was repeated on two other occasions and careful checks were made to ensure 
that the N-terminus was not acetylated during the purification, staining and blotting 
procedures. 
No conclusions regarding the purity of the protein could be drawn from this 
observation. However, if a mixture of proteins (including CAD) were present on the 
membrane then they all must have been N-terminally blocked. Modification of the N-
terminal residue of a protein is not uncommon and up to 50% of proteins may be blocked 
in this way (Aitken et al., 1989). If CADl were present in sufficient quantity to sequence 
then the result was not surprising based upon previous observations in other systems. 
Knight et al. ( 1992) had found both tobacco CAD proteins to be partially blocked 
which required tryptic digestion and separation by HPLC to obtain peptide sequence from 
the internal fragments. Pillonel et al. (1992) attempted sequencing of the CAD 1 and 2 
isozyme from the hexaploid wheat Triticum aestivum L. and found that both had 
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blocked N-termini, which required cleavage with V8 endoproteinase prior to sequencing 
of the internal fragments. Other worker have also found partial or complete blockage of 
the N-terminus; Spruce (Galliano et al., 1993); Aralia (Hibino et al., 1993); and although 
not explicitly tated, the report of bean CAD (Grima-Pettenati et al., 1994) did not how 
any N-terminal sequence, only internal fragments from tryptic digests of the enzyme. No 
peptide equence has been obtained yet from either xylem or periderm of Eucalyptus 
gunnii CAD 1 or 2, although both have been partially purified and characterised from 
these ti ues (Goffner et al., 1992; Hawkins & Boudet, 1994 ). 
The sub. clover CAD 1 protein band was therefore purified and cleaved using either 
V8 endoproteina e or chemical cleavage with cyanogen bromide (CnBr). These methods 
were capable of generating large enough fragments to be easily identified on by SDS-
PAGE, then blotted and N-terminal sequenced. 
2 . 3 . 3 . 1 V8 digestion and mapping of CAD 1 isozyme. 
The Endoproteinase Glu-C, from Staphylococcus aureus strain V8 (Drapeau, 1976 
& 1978; and Carmona & Grey 1987) is a serine protease used to generate internal peptide 
fragments - by cleavage on the C-terminal side of glutamic acid residues under the 
conditions employed - for sequencing and mapping. A theoretical digest of the alfalfa 
CAD equence would produce fragments of sufficient size to be detected by SDS-PAGE 
( ee Table 2.4 ), given a sufficient quantity of starting material. If enough CAD 1 were 
present, then - using the alfalfa sequence as a guide - the amount of starting material 
required to produce fragments detectable by staining with CBB R-250 (minimum 
en itivity being approximately 100 ng [Reisner et al., 1975]) would have to be at least 
600 ng. Thi is the minimum amount necessary to detect only the largest band -
approximately 7 .0 kDa - produced by a digest of alfalfa CAD via this method (see Table 
2.4). 
CAD 1 was dige ted directly in the gel slice or after electroelution from the slice. A 
ub trate to endoproteinase ratio of at least 50: 1 was used to prevent auto-catalysis of the 
enzyme. Fragments of sub. clover CAD 1 cut with V~ protease could not be detected 
when taining SDS gel with CBB R-250. The low level of starting material or a mixture 
could have accounted for this. Control u ing horse liver ADH were performed to check 
that the enzyme was functional. Figure 2.13 show a control gel with digested (lane 1) 
and undige ted (lane 2) ADH clearly indicating the ystem was functional. Gel of 
cleaved CAD ample were run on eparate gel to avoid an pos ible contamination with 
control or marker protein . 
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Figure 2.13 SDS- PAGE peptide map of Hor e liver ADH (LADH) digested via 
V8 protease. Separation on a 20% gel with 4% stacking gel. 
Lane 1 - LMW n1ark rs ( 1 Oµg). 
Lane 2 - V8 digested Horse liver ADH, 15 µg ADH + 250 ng protease. 
Lane 3 - Hor e liver ADH only, 15 µg total. 
Lane 4 - V8 protease only , 250 ng total. 
Lane 5 - HMW markers (lOµg). 
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2.3.3.2 CnBr cleavage and mapping of CAD 1 isozyme. 
An alternative procedure involves the use of cyanogen bromide (CnBr), which 
cleaves proteins at internal methionine residues. From the cleavage map of alfalfa the 
largest fragment was almost twice the size as the largest fragment generated by V8 (see 
Table 2.4). With the small amount of CADl protein available it was hoped that this 
method would produce a detectable band. 
Table 2.4. Molecular weights of fragments produced via CnBr and V8 digests of 
alfalfa CAD Only fragments with molecular weights greater than 2000 Daltons shown. 
CnBr V8 
Amino Acid Residue Mol. Wt Amino Acid Residue Mol. Wt 
from - to Daltons from - to Daltons 
67 - 196 13694.8 9 - 71 6975.9 
2- 61 6521.3 158 - 220 6403.6 
197 - 239 4499.1 261 - 306 4993.1 
240 - 275 3981.6 113 - 138 3029.3 
329 - 359 3677.1 340 - 357 2186.5 
291 - 310 2155.4 242 - 260 2025.2 
91 - 110 2012.4 
CADl was cleaved with CnBr by a number of different techniques. Gel slices 
containing the enzyme were digested in solution directly or after gel homogenisation, 
enzyme in whole gel slices was also cleaved in an atmosphere of CnBr, enzyme eluted 
from the gel was also cleaved in solution. Separation of fragments was done using both 
tandard SDS-PAGE and the Shagger & von Jagow (1987) method (see Section 
2.2.2.23). Controls of CnBr cleaved sperm whale myoglobin were separated on both 
tandard SDS-PAGE & Shagger & von Jagow (1987) gels giving well resolved bands 
indicating the gel system was functional. However, no sub. clover CADl peptide 
fragments could be detected when staining with CBB R-250. 
2. 3. 4 Kinetic Analysis of Sub. Clover CADl 
CAD 1 purified u ing the procedure outlined in Figure 2.11 was examined for its 
kinetic propertie with different sub trates. Preliminary ob ervation with partially pure 
material showed that CADl used both NAD and NADP as cofactor, but increasingly pure 
preparation bowed ab olute pecificity for NADP. Likewise cinnamyl alcohol and 
cinnamyl aldehyde were utilised by crude preparation but not by pure one . The only 
ub trate oxidised by pure sub. clover CADl was coniferyl alcohol. Alcohols which are 
not oxidi ed are; ethanol, inapyl, cinnamyl, allyl, cyclohexyl , benzyl , 4-methoxy 
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benzyl, octanol and pentanol. Therefore it i important to state that the ub. clover CAD 1 
i oenzyme is a coniferyl alcohol dehydrogenase, not a cinnamyl alcohol dehydrogena e. 
The Km for coniferyl alcohol is 713µM which was higher than expected. It was also 
urprising that it had no affinity for sinapyl alcohol, as this monomer was hown by Py-
MS analy is to be a component of the cell wall as will be seen in Chapter 3 (Section 3.3). 
Thi raise the po sibility that one of the minor sub. clover isoforms may be specific for 
inapyl substrates. Interestingly, some similarities can be seen with CADs from other 
plants. Table 2.5 compares the Km values obtained using different alcohol substrates with 
CADs 1 and 2 from Eucalyptus , soybean and bean (see also Table 1.1) with CADl of 
ub. clover. No equivalent Eucalyptus, soybean or bean low Km CAD2 type enzyme was 
found in ub. clover. 
Table 2.5 CAD Michaelis constants (Km, µM) for alcohol substrates. 
CADl CAD2 
Plant cinnarnyl p-cournary 1 coniferyl sinapyl cinnarnyl p-cournaryl coniferyl sinapyl 
source (C) (H) (G) (S) (C) (H) (G) (S) 
Eucalyptus a - 760 560 0 - 4.9 6 7.2 
Soybeanb 0 0 830 0 26 57 11 50 
Beane - 270 520 560 - 0 140 240 
Clover<l 0 - 713 0 0 - 0 0 
Notes: A dash indicates not examined or stated. a - Eucalyptus gunnii (Goffner et al., 
1992). b - Soybean (Wyrambik & Grisebach, 1975). c - Bean [Phaseolus vulgaris cv. 
Monel] (Grima-Pettenati et al., 1994). d - no enzyme corresponding to the low Km CAD2 
of Eucalyptus, soybean or bean was found in sub. clover. 
The re ult shown in Table 2.5 would suggest that sub. clover CAD 1 has 
imilarities to the CADl isoform of Eucalyptus, soybean and bean. However, the 
majority of CAD enzymes purified from a variety of lignin forming plants have been 
hown to be of the CAD2 type. The CAD 1 enzyme in soybean comprises a monomer of 
about 43 kDa that is specific for coniferyl alcohol only, it was however in low abundance 
and had low stability compared to CAD2 (Wyrambik & Grisebach, 1975). The 
Eucalyptus CADl from xylem was hown to be a monomer of about 38 kDa with high 
affinitie for coniferyl and p-coumaryl alcohol - 560 and 760 Km re pectively - and none 
for inapyl alcohol, and was lower in abundance compared to CAD2 (Goffner et al., 
1992). The CAD 1 from Eucalyptus periderm was shown to be only 4% of the total CAD 
activity and could not be purified to homogeneity, therefore sub trate preferences and 
kinetics were not determined (Hawkins and Boudet, 1994). CADl from both periderm 
and xylem were hown to be approximately 34 kDa in size by SDS-PAGE and 
immunologically identical to CAD2, al o, the pre ence of what they ugge ted was a 
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CAD 1 precursor polypeptide of approximately 66 kDa was seen (Hawkins and Boudet, 
1994). 
The major isoform found in bean was CADl and it is a monomer of 34 kDa with 
high Km's for all three alcohol substrates, but has a preference for p-coumaryl, it also did 
not appear to be polymorphic as it produced a single band when purified by SDS-PAGE 
(Grima-Pettenati et al., 1994). 
The sub. clover CAD 1 appears to be most similar to the soybean CAD 1 and with 
the availability of other sub trates for the forward and reverse reactions this can be 
determined. However, if sub. clover CAD 1 represents a similar isoform to either the 
oybean, or Eucalyptus enzymes (in terms of substrate specificity), then it would be a 
unique CADl as it is the only dimeric form; possibly the only polymorphic form; and is 
the most abundant in terms of total CAD activity (>90% ). 
A preliminary search for a CAD2 isoform in sub. clover similar to the CAD2 
i oform of other plants, in having a low Km for coniferyl alcohol, by testing eluted CAD 
bands from native acrylamide gradient gels was not very successful. However, two 
minor CADs had Km values of 282 (CAD6) and 52 (CAD3), with the major CAD (1) 
being 808 by this procedure. Therefore, at this stage there is as yet no evidence for a 
corresponding equivalent of CAD2 (i.e. very low Km for coniferyl alcohol as found in 
other organi ms) in sub. clover. One of the other minor sub. clover isoforms n1ay be 
hown to be equivalent to other CAD2s, provided sufficient material can be obtained for 
their characterisation. 
Alfalfa was examined to see if this related pasture legume was similar to sub. 
clover in terms of the number of isoenzymes present and their substrate specificities. 
Three CAD with molecular weights corresponding approximately to CADs 6, 1 and 3 of 
ub. clover were found, however they showed different substrate specificities to the 
corre ponding sub, clover isoforms. The Kms for coniferyl alcohol with the above three 
alfalfa i oforms were 91, 753 and 567 respectively. Also, no low Km CAD for coniferyl 
alcohol could be found in alfalfa. 
2.3.5 Possible roles for a CAD multiple enzyme system in sub. clover 
Overall, it appears that sub. clover CAD 1 is very similar in many properties to the 
CAD 1 of other organism , however, it more resembles the CAD2 isoforms in terms of 
molecular weight and subunit compo ition. The fact that ub. clover CAD 1 does not 
catalyse the oxidation of cinnamyl and inapyl alcohol indicate it is not a broad 
pecificity cinnamyl alcohol dehydrogenase. Multiple i oforms of CAD, in sub. clover at 
lea t, may reflect a more complex role for the enzyme than previously thought. It i well 
e tabli hed that the type of lignin produced during normal plant development is regulated 
patially and temporally and varie depending upon maturity and tissue type (Terashima 
et al., 1986; Tera hima & Fukushima, 1988 & 1989; Whiting & Goring, 1982). 
--
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Coordinated regulation of specific isoenzymes during development could account for 
these observations. It is also possible that wound inducible isoforms, activated as part of 
the defence response, with a particular substrate (i.e. monolignol) specificity are 
expressed. The end result being polymerisation of a "wound lignin" that is capable of 
effectively isolating a pathogen and preventing further damage. 
Monolignols are also used as precursors in the synthesis of a number of other 
plant compounds, such as: lignans (Umezawa et al., 1990); cu tin and suberin 
(Kolattukudy & Espelie, 1989); and dehydroconiferyl glucosides (Binns et al., 1987). 
Specific isoforms of CAD may be particular to the synthetic pathways producing these 
compounds. For example, CAD may even be involved in the production of what appears 
to be growth regulators - the dehydroconiferyl glucosides (DCGs) - which also appear to 
be components of the cell wall. These compounds contain monolignols as part of their 
structure and have been shown to promote cell division in tobacco leaf assays (Binns et 
al., 1987). A number of isomeric forms of DCG have been identified (Lynn et. al., 
1987), however, only some of these have activity, and mixtures may have a synergistic 
effect depending upon their composition (Binns et al., 1987). Thus, the potential exists 
for a more complex role for CAD. Also, if providing a particular substrate/s for synthesis 
in other pathways proves to be correct, multiple isoenzymes may be the result of 
evolutionary pressures that have enabled the plant to coordinately regulate those 
pathways. 
2.4 SUMMARY 
Leaves, Stems and Roots were examined separately for the presence, size and 
cofactor requirements of CAD in sub. clover. CAD was shown to be polymorphic with 
up to seven different isoforms of different tissue specificity detected on native 
polyacrylamide gradient gels. The major sub. clover CAD isoenzyme, CADl, was found 
in leave stems and roots and is a dimer of Mr 82 000. In-its pure native form it is specific 
for coniferyl alcohol (Km 713 µM) but does not utilise sinapyl alcohol, and requires 
NADP exclu ively as a cofactor. 
The CAD 1 isoenzyme was chosen for purification and N-terminal sequencing. 
Both preparative IEF and electrophoresis were used to purify the enzyme, however these 
method were not useful due to very low recovery of enzyme activity. Neither wounding 
or elicitation increased the overall level of expression, and probably only increased 
enzyme production to a high level around the wound margins. Although the CAD 1 
isoenzyme appears to be highly active as evidenced on gels, only low levels of the protein 
were obtained. Initial attempts at purifying the CAD 1 isozyme by ion exchange 
chromatography resulted occa ionally in the eparation into two or three peak . This 
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indicated the enzyme may be polymorphic (i.e. heterodimer), the result of more than one 
gene. A mall amount of pure enzyme was purified using purification on Blue Sepharose, 
followed by two sequential anion exchange steps, then gel electrophoresis. N-terminal 
protein sequencing was attempted on the pure sample of CAD 1 after isolation of the CAD 
active protein band from activity gels, however no sequence was obtained. This could 
have been due to a number of factors most likely being a blocked N-terminus. Attempts at 
obtaining internal fragments using both a proteolytic enzyme and a chemical procedure 
were also un uccessful, probably due to inability to obtain sufficient material. 
A strategy using dialysis or chromatography with Blue Sepharose, then 
separation on a feruyl affinity column followed by DEAE chromatography was developed 
to produce more pure preparation of the enzyme. This enabled preliminary kinetic 
analysis of CAD 1, however insufficient protein has been obtained by this method to date 
to generate internal fragments for sequencing. 
Sub. clover CAD 1 is similar in physical properties to the CAD2s of other plants, 
yet in functional terms it more resembles the monomeric CAD 1 s of other plants as it is 
specific for conifery l but not sinapy l alcohol. It may therefore represent a new type or 
class of CAD enzyme. 
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CHAPTER 3 
PHYSICAL CHEMICAL ANALYSIS OF SUB. CLOVER LIGNIN 
3 .1 INTRODUCTION 
Lignin is the end product of the biochemical pathway in which CAD functions. It 
is an important structural polymer in plants and is involved in resistance to pathogens. A 
large body of evidence is accumulating that indicates lignin is also formed de-novo at 
wound sites as a defence response in many different plant species (Vance et al., 1980; 
Vidhyasekaran, 1988). It has also been demonstrated that CAD and other enzymes 
involved in lignification can be induced to higher levels of activity using fungal elicitors 
(Campbell & Ellis, 1992b; Dalkin et al., 1990; Galliano et al., 1993a; Grand et al., 1987; 
Grima-Pettenati et al., 1989; Messner & Boll, 1993; Mitchell et al., 1994; Moerschbacher 
et al., 1988). A number of other factors have also been shown to induce CAD activity. 
Ozone treatment of Norway spruce induces CAD synthesis (Galliano et al., 1993a; 
Galliano et al., 1993b ), and agrobacterium infection of bean hypocotyls results in both an 
increase in CAD enzyme activity and lignin content due to cellular differentiation into 
lignified elements associated with nodular callus development (Grima-Pettenati et al., 
1989). Other changes, such as de-nova induction of many enzymes involved in the lignin 
ynthetic pathway and increases or qualitative changes in the type of lignin upon 
treatment with fungal elicitors, have also been demonstrated (Ride 1975; Barber & Ride, 
1988; Bruce & West, 1989; Campbell & Ellis, 1992a; Doster & Bostock, 1988; 
Glazener, 1982; Hammerschmidt, 1984; Hammerschmidt et al., 1985; Messner & Boll, 
1993). A recent report by Mitchell and co-workers ( 1994) has provided strong 
upporting evidence for the synthesis of a pecific 'wound lignin', due to an increase in 
inapyl and coumaryl alcohol dehydrogenase activities around wound margins of wheat 
leave . 
Lignin composition is also known to vary depending upon the age of the tissue. 
Developmental tudie in magnolia (Tera hima et al., 1986) have shown tructural and 
chemical difference between primary and econdary cell wall lignin. Hand G unit were 
found in the primary cell wall early in development, while S unit were found mo tly in 
the S2 layer of the econdary wall. 
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3.1.1 History of Lignin Structural Research. 
A number of important early studies were conducted to investigate the chemical 
nature of lignin in plants (Brauns, 1952; Creighton et al., 1941, 1944a & 1944b). The 
pioneering work of Freundberg and others (for a detailed history see Freundberg & 
Neish, 1968) established that lignin was derived from the three hydroxycinnamyl 
alcohols (H, G & S monomers). The synthesis of intermediates and the exact nature of 
the biochemical pathways associated with these were elucidated later (for reviews see 
Hahlbrock & Grisebach, 1979; Lewis & Yamamoto, 1990; and Higuchi, 1990). The 
difficult task of establishing the physical structure of lignin polymers has involved the use 
of a large array of physical chemical techniques (for reviews of these see Sarkanen & 
Ludwig, 1971; and Dence & Lin, 1992). 
3.1.2 Procedures Available for Analysis of Lignin. 
A number of qualitative and quantitative analytical methods are available for the 
study of lignin. They include Fourier transform-infrared (FT-IR) spectroscopy, 
pyrolysis-mass spectrometry (Py-MS), and thioacidolysis followed by gas 
chromatography-mass spectrometry (GC-MS). FT-IR has been applied for many years to 
the analysis of lignin in wood and grasses and has shown that there are important 
differences at the taxonomic level (Akin et al., 1993; Faix, 1991; Hegert, 1971; Sarkanen 
et al., 1967a, b & c). Py-MS has been used to study the monomer composition of lignin 
and thioacidolysis GC-MS has been applied in the study of interunit bonds in lignin as 
well as monomer composition (Boon, 1988; Dence & Lin, 1992; Lapierre, 1993; 
Scheijen & Boon, 1989). In this work, the above technologies were available and were 
u ed to examine the nature and structure of sub. clover lignin. 
3.1.3 Difficulties Associated with Lignin Extraction in Herbaceous and 
Annual Plants. 
Traditionally the study of lignin polymers has involved chemical degradation 
followed by analysis of the low molecular weight products which are related to the 
original n1onomers'. However, the nature and quantity of lignin found in herbaceous and 
annual plant requires 1nodification of procedure developed mostly for studies of wood 
lignin. Herbaceou and annual plants produce very little lignin as a percentage of total 
bioma s compared to woody plants such as tree , and the cell wall fraction usually 
repre ent the largest lignin con1ponent in the e plants. A common early procedure 
developed for wood and considered a reliable approximation of in vivo lignin content was 
developed by Bjorkman (1957). However, in the case of tobacco , Scheijen and Boon 
(1991) howed that the Bjorkman procedure require huge amounts of material, involves 
lengthy ball milling, and typically results in a yield of 0.03 %-0.06% of dry weight, but 
n1ost importantly it doe not repre ent the cell wall fraction. In their tudy they did direct 
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Py-MS of tobacco and demonstrated the need to remove high level of contaminating 
protein and carbohydrate that interfere with the analysis. Two chemical methods 
involving acid solvoly is - the Willstatter (hydrochloric) and Klasson (sulphuric) 
procedures ( ee Adler, 1977 for a review of early methods) - were designed to remove 
polysaccharides and release lignin from wood pulp for further analysis. However in the 
case of tobacco, both procedures are ineffective in removing protein and carbohydrate 
contaminants, and they also produce low reaction yields (Scheijen & Boon, 1989). A 
new method was required for analysis of this type of plant material. Therefore, Scheijen 
and Boon (1991) developed a micro-analytical procedure, the lignin containing tissues are 
first removed from the sample, then treated with sequential enzymatic digestions to 
eliminate the contaminating protein and cellulose prior to Py-MS analysis. The resulting 
mass spectra contain information about the types and ratios of lignin monomers and 
dimers, and includes information on the carbohydrate and protein present in the sample 
(Niemann et al., 1991). 
Another technique involves thioacidolysis via dioxane/ethanethiol/boron 
trifluoride etherate (Lapierre et al., 1985) followed by GC-MS of TMS derivatives. It 
produces high reaction yields and well defined lignin fingerprints (Lapierre, 1993). This 
technique has been used successfully in the analysis of wood lignin from spruce 
(Lapierre et al., 1986b ), poplar (Lapierre & Rolando, 1988; Lapierre et al., 1986a), pine 
(Lapierre & Rolando, 1988; Lapierre et al., 1988) and wheat (Lapierre et al., 1988). The 
method also provides information on the interunit bonds within the polymer, and is the 
only technique capable of unambiguously distinguishing between H monomers and 
ferulic acid (FA) (Lapierre, 1993). 
3 . 1 . 4 Aims 
The aim of the work presented in this chapter was to investigate if it were possible 
to detect lignin in the cell wall of sub. clover, and establish mass spectral and FT-IR 
fingerprints. Monomer ratios and types of interunit bonds would also be examined using 
MS techniques. 
3.2 EXPERIMENTAL PROCEDURES 
3 . 2. 1 Materials 
3 . 2 . 1. 1 Chemicals and reagents 
1) ACS/HPLC grade reagents 
Acetone - Rhone-Poulenc 
Boron trifluoride etherate (BF3 etherate) - Aldrich 
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Dichloromethane - Aldrich 
1, 4-Dioxane - Sigma 
N,N-Dimethylformamide - Sigma 
Hexaco ane (GC internal standard) - Sigma 
Methanol - Rhone-Poulenc 
Tetracosane (GC internal standard) - Sigma 
Thioglycolic acid - Fluka 
2) ACS grade reagents 
Hydrochloric acid - Ajax 
Sodium azide - Fluka 
Sodium acetate - BDH 
Sodium hydrogen carbonate - Ajax 
Sodium hydroxide - Ajax 
3.2.1.2 Enzy,nes 
Dri ela e - Sigma 
Pronase - Boehringer Mannheim 
3.2.1.3 Buffers 
1) Driselase cell wall digestion buffer 
3.4 
, 
Sodium azide 0.01 %; 50 mM sodium acetate, pH 5.0; and 1.0% (w/v) Driselase purified 
as per Section 3.2.2.5. 
2) Thioacidolysis buffers and solutions 
i) pH adjusting buffer - 0.4 M sodium hydrogen carbonate 
ii) Phosphate extraction buffer - 0.1 M Phosphate, pH 7 .5 
iii) Ethanol extraction olution - 80% ethanol; and 2% SDS. 
iv) Prona e digestion buffer - 50 mM Sodium acetate, pH 7.5; and 1 % (w/v) Pronase. 
3.2.2 Methods 
3.2.2.1 Growth and harvesting of plant ,naterial 
Plant were grown in a glass house with a controlled environment of 330 p.p.m. 
CO2 during the month of August and September, and were watered twice daily in the 
morning and late afternoon. Plant were own and germinated in the gla shou e and 
grown for 17 day prior to harve ting. 
Plant grown for 17 days po t germination were used in the wounding 
experiment . Treatment involved the n1echanical wounding of all leave with a hand 
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punch containing 8 pins in an area of 2.25 cm2. Wounded plants were harve ted at the 
following time after treatment began: 1, 2, 4, 8, 12 and 24 hr , plus 2, 4, 8, 16 and 30 
days. Control plants were harvested at the following times: 0 and 24 hrs; 4, 8, 16 and 30 
day . Plants were then harvested whole or separated into roots, stems and leaves and the 
wet weights mea ured. Plant material was then oven dried for 24 hrs at 60°C and the dry 
weight measured. 
3.2.2.2 Preparation of cell wall material (AIR) 
Plant cell wall material or alcohol insoluble residue (AIR) for analysis of lignin by 
direct Py-MS was prepared by a modified method of Niemann et al. (1991). Either fresh 
(Fre h) or oven dried (Dry) plant material was used. 
Fresh plant material 
Fresh material was homogenized in methanol using a Waring blender for 3-5 
mins, until no particles were visible. The homogenate was then vacuum filtered through 
Whatman GF/ A paper with 3 n1ethanol washes leaving the AIR. This was then oven 
dried at 60°C for 24 hrs. Cell wall material for Pronase and/or Driselase digestion prior to 
Py-MS was prepared using a scaled down method modified fron1 Pillonel et al. (1991) 
and Ride (1975): 1) Fifty mg AIR was resuspended by grounding in a BellCo® 
(Vineland, New Jersey) ground glass test tube mortar and pestle with 500 µL of 
phosphate extraction buffer; 2) The volume was then made up to 10 mL using the same 
buffer and centrifuged at 5 000g in a Sorvall® (Wilmington, Delaware) SS-34 rotor for 
15 mins; 3) The tissue was then washed with phosphate buffer and centrifuged as above 
two times, followed by two ice cold Milli-Q water washes; 4) The tissue was then 
extracted with hot ethanol extraction solution 3 times, followed by 5 hot water washes 
before freeze drying for approximately 16 hrs. 
Dried plant material 
Dried plant material from the wounding treatments - prepared as in Section 
3.2.2.1 - was processed as in steps 1-4 above. 
3 . 2. 2. 3 Thioacidolysis 
Thioacidolysi of AIR from leaves was performed as per Rolando et al. (1992) 
and Lapierre et al. (1985). The initial preparation of fre h plant AIR wa done as per the 
n1ethod described in Section 3.2.2.2 above. 
3.2.2.4 Pronase digestion of cell wall extracts (AIR) 
Prona e treatment wa performed u ing a method modified from Pillonel et al. 
(1991) and Scheijen & Boon (1991). AIR wa prepared as per ection 3.2.2.2. Each 50 
mg ample wa dige ted in 2 mL of 50 mM Na Acetate, pH 7.5 with 1 % (w/v) Pronase 
at 37°C for 24 hr . The ample were then centrifuged in a microcentrifuge for 5 mins 
and the upernatant di carded. The pellet wa wa hed by re uspen ion with 50mM 
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odium acetate, pH 7 .5 followed by at lea t 5 wa he with Milli-Q water to remove 
protein and re idual salt . Samples were tored in 250 µL of the same at 4 °C prior to MS 
analy i . 
3.2.2.5 Driselase digestion of cell wall extracts (AIR) 
Dri elase treatment was performed using methods developed by Fry (1992). 
Dri elase wa first purified in order to remove any phenolic substituents that would 
interfere with detection of lignin in any subsequent analyses (Fry, 1982). 5 grams of 
Driselase powder was resuspended in 50 mL of 50mM sodium acetate buffer, pH 5.0 
and mixed for 2 hr at 4 °C, then centrifuged for 15 mins at 17 450 g and the supernatant 
saved. The supernatant was brought to 75% saturation with ammonium sulphate and 
precipitated for 48 hrs. This solution was then centrifuged for 15 mins at 17 450 g and 
the pellet was washed 3 times with 75 % ammonium sulphate, followed by resuspension 
in 4 mL of Milli-Q water. A 50 mL column (1.5 cm, 0) containing a bed volume of 30 
mL Sephadex G-25 Coarse was equilibrated with Milli-Q water and the sample loaded 
onto the column for desalting. 2 mL fractions were collected with the protein peak (A2so) 
appearing in the first 2-12 fractions, the main peak appeared in fractions 2-6 and these 
were pooled. The protein was then freeze dried overnight and stored as a dry powder at 
-20°C. 
Samples for Driselase treatment were Pronase treated as per section 3.2.2.4 prior 
to digestion. Samples were digested in 500 µL of Driselase cell wall digestion buffer (see 
Section 3.2.1.3) at 25 °C for 48 hrs. The reaction tubes were then spun down in a 
nucrocentrifuge for 3 mins and the supernatant discarded. The pellets were then washed 
by resuspension 3 times with 1 mL of Milli-Q water and stored in 250 µL of the same at 
4 °C prior to analysis by mass spectrometry. 
3.2.2.6 Pyrolysis-Mass Spectrometry (Py-MS) 
Platinum filament pyroly is-mas EI pectrometry was performed using a 
Finnigan 4500 MS (Finnigan MAT, San Jo e, CA, USA) and a direct insertion probe. A 
5 µL droplet of sample in olution was loaded onto the probe element and allowed to air 
dry. The probe wa heated from 50 to 825 °C with a filament current of 0.8 A. Either low 
( l 6e V, 17 e V & 35e V) or high (70e V) ionisation energy EI mas spectral data were 
collected in the mass range of 60 and 400 rn/z, scan time was every 0.3 sec. 
3.2.2.7 Ga Chromatography - Mass Spectrometry (GC-MS) 
Lignin thioacidolysate were analy ed on GC-MS under imilar conditions to 
tho e of Lapierre et al. (1985). Sample in CH2Cl 2 were blown down under an 
atn10 phere of nitrogen. then derivatized in 5 µLeach pyridine/BSTFA and heated at 80°C 
for 15 min. A fu ed ilica capillary column (SGE; 12 m; ID , 0.33 µm) coated with a 
n1ethyl ilicone bonded pha e (BPl ; thickne s, 0.5 µm) was eluted into the ion ource of 
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a Finnigan 4500 GC/MS (Finnigan MAT, San Jose, CA, USA). The column temperature 
program ran from 100°C to 280°C at a rate of 10°C/min. Transfer line and interface oven 
were maintained at 300°C. EI mass spectral data were collected at 70 e V ionisation energy 
and a ource temperature of 150°C. Analyses were conducted using GC/MS and full 
scans from 100 u to 500 u in 0.45 s. Samples were taken up in 5-10 µL of acetone and 
aliquots of 0.2-0.4 µL + 0.05 µL LS. injected into the GC column. Internal standards 
comprising 0.05 µL of tetracosane (C24) and hexacosane (C26) were added to each 
ample prior to injection into the column. 
3.2.2.8 Fourier Transform-Infrared (FT-JR) spectroscopy of AIR 
FT-IR spectroscopy was performed on fresh whole plant AIR as prepared on 
section 3 .2.2.2. Spectra were collected on a Perkin Elmer PE 1800 FTIR 
spectrophotometer with 2 cm-1 resolution via photo-acoustic method. Samples were 
loaded into an MTEC model photo-acoustic cell, 0.1 cm OPD, and scanned in the range 
400 - 4000 cm-1. 
3.3 RESULTS AND DISCUSSION 
3. 3 .1 Pyrolysis-Mass Spectrometry (Py-MS) 
3.3.1.1 Py-MS of whole plant and root AIR 
Direct Py-MS fingerprint spectra were collected at 16 eV, 35 eV and 70 eV 
ionisation energy to determine which produced the best spectra. Both whole plants and 
roots were examined. 
The best results were obtained at the lowest ionisation energy where molecular 
ions of all three monon1ers were detected (p-cou1naryl (H), m/z 150; guaiacyl (G), m/z 
180; and syringyl (S), m/z 210). At the two higher ionisation energies only the molecular 
ions for H and G n1onomers were seen, but with no fragment ions were present to 
confirm these. Figures 3 .1 and 3 .2 show typical mass spectra obtained using 16 e V 
ionisation energy. They clearly how the n1olecular and fragment ions seen for both G 
(1n/z 180, 178, 166, 164, 152, 150, 138, 137, 124) and S units (m/z 210, 194, 168, 
154). Ions of G units are clearly the n1ost abundant species, and show the presence of 
guaiacyl dimer (G-G, n1iz 272) in both whole plants and roots. The presence of the 
cinnamic acids, ferulic (FA) and p-coumaric (PA), are indicated by ion peaks in the mass 
pectra at m/z 120 and 150 respectively. However, mostly grass lignins have high levels 
of PA and FA (Hartley & Haverkan1p, 1984; Rolando et al., 1992). Analysis of the cell 
walls of the two legume alfalfa and red clover showed that there is very little of PA or 
FA present (Hartley & Haverkamp, 1984 ), therefore it is likely that the 1najority of the 
nm 150 mass peak repre ents H rather than FA units in sub. clover. 
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Root howed a ti ue pecific difference in monomer composition over whole 
plant , with H unit being approximately equal in abundance relative to G. The 
ignificance of this is as yet unknown, however, a lignin layer develop as part of the 
nodule formed during symbiosis between the plant and nitrogen fixing bacteria 
Rhizobium (Dr. R. Ridge pers. comm.). Grima-Pettenati and co-workers (1989) 
howed that bacterial infection of bean hypocotyls with A. rhizogenes induced rapid 
lignification and formation of a nodular callus, whereas untreated controls and hypocotyls 
treated with an infection deficient bacterial strain produced no lignin during the two week 
tudy. It would be of interest to conduct a more detailed study of cell walls from around 
the root nodule and compare the mass spectral fingerprints of infected and uninfected 
tissue. Detection of a specific root nodule lignin may be due to a specific wound or 
nodulation induced CAD, which may account for one or more of the isoforms seen in 
sub. clover. 
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Root have lower relative amounts of both hexo e (m/z 126) and hemicellulo e 
(m/z 114) compared with the G marker ion. The root spectrum al o has a higher level of 
background characteristic of lipids (m/z 228, 242, 256, 284) and protein (m/z 70, 92, 
131, 152, 190,204) (Mulder et al., 1991; Niemann et al., 1991; Scheijen & Boon, 
1991) . 
The data collected at 70 e V showed the presence of both G monomers and 
dimers, however, other monon1ers could not be positively identified over the low 
background level of unknown ions. Few mass assignments except for some carbohydrate 
markers (m/z 83 & 126) their fragment ion, acetic acid (m/z 60), could be made for data 
at 35 eV. 
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Figure 3.2 16 eV ionisation energy Py-MS mass spectrum of ub. clover root AIR. 
By far the large t amount of information was due to complex carbohydrates, 
which is clearly seen in Figure 3.1-3.4. The 1nain carbohydrate ions are repre ented by 
hexo e (m/z 126), hemicellulose (pento an, m/z 114) and their corre ponding fragment 
ion at m/z 60, 73 and 85. Overall the 16 e V low energy spectra gave the best result in 
term of molecular and fragment ion of all three lignin monomer . Subsequent treatment 
of root material with Prona e and Dri ela e were therefore analy ed at 16 eV. 
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3.3.1.2 Py-MS of Pronase treated root AIR 
Prona e treatment ha been demon trated a an effective way to reduce the high 
level of background ions due to contaminating protein prior to Py-MS analysis of tobacco 
lignin (Scheijen & Boon, 1991). Root AIR wa subjected to Pronase treatment to see if it 
had a similar effect on the protein background in sub. clover. 
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Figure 3.3. 16 eV ionisation energy Py-MS mass spectrum of Pronase treated sub. 
clover root AIR. 
Figure 3 .3 shows the mass spectra obtained for Pronase treated root AIR. The 
treatment uccessfully reduced the overall background of low relative abundance ions but 
the level of carbohydrates remained high. Both the hemicellulose (m/z 114) and, in 
particular, the hexose (m/z 126) n1arkers were reduced relative to carbohydrate fragment 
ion at m/z 85. The 1nolecular ions for H, G (including the G-G dimer) and S were 
detected with light changes in abundances relative to each other. The H marker ion (m/z 
150) relative abundance wa reduced over the G marker ion. 
The effect on the mas pectrum by treatment of Prona e digested sample with 
carbohydrate dige ting enzyme in Dri ela e wa te ted to ee if a reduction in the levels 
of carbohydrate ion could be achieved. 
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3.3.1.3 Py-MS of Pronase/Driselase treated root AIR 
Succes ive treatments using Prona e then Cellula e were shown to remove 
contaminating carbohydrates and proteins from tobacco, with each treatment 
ub equently improving the mass spectra, enabling easier identification of lignin 
monomers present (Scheijen & Boon, 1991). 
Sub. clover root AIR pretreated with Pronase (section 3.3.1.2) was therefore 
dige ted with a purified mixture of enzymes known as Driselase. Driselase comprises a 
mixture of endo- and exo-hydrolases from the fungus Irpex lacteus, and has been used 
effectively in the study of cell wall bound carbohydrates (Fry, 1992). Some of the 
enzymes purified from Driselase include; gluco-, galacto-, manno- and 
cylopyranosidases; plus cellulase, pectinase, mannanase, and xylanase. Driselase is 
capable of dissolving non-lignified cell walls to mono- and disaccharides. The use of 
cellulase alone is not sufficient if the cell wall contains crystalline cellulose. However, 
efficient hydrolysis of this material can be achieved when cellobiohydrolase activity, 
which is present in Driselase, is used (Fry, 1992). 
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ub. clover root AIR. 
Figure 3 .4 how that Dri ela e treatment was ucce sful in reducing the 
abundance of both the m/z 114 and ni/z 126 carbohydrate marker ions relative to the S, G 
plus G-G dimer 1narker ion and corre ponding fragment ion . The abundance of the S 
Phy ical Chemical Analysi of Sub. Clover Lignin 3.12 
unit marker and it fragment ion at rn/z 194 increa ed relative to both the H and G 
markers. The H marker (rn/z 150) and G-G dimer (rn/z 272) remained unchanged relative 
to the G marker ion. 
3.3.1.4 Py-MS of Lignin in wounded and control plants 
A number of recent tudies have provided evidence for the synthesis of a 'wound 
specific' lignin (Campbell & Ellis, 1992a; Mitchell et al., 1994). It was shown in Chapter 
2 that wounding of sub. clover produced a change in level of total CAD activity over time 
( ee Section 2.3.2). Consequently, it was of interest to determine if any qualitative 
changes to lignin in cell walls could be detected post wounding in sub. clover, therefore a 
preliminary examination of monomer ratios in wounded and control plants over time was 
conducted. Samples were collected from both wounded and control plants at the time 
points listed in Section 3.2.2.1, separated into three tissue types (roots, stems and 
leaves), the AIR prepared (Section 3.2.2.2), then analysed by Py-MS (Section 3.2.2.6). 
Although n1arker ions of all three monomers were detected, the data were notable 
for the amount of variation seen in the monomer ratios of the sample replicates. 
Preparation of a homogeneous solution from cell wall material after wounded plants had 
been dried was not possible, the result was a solution containing uneven sized fragments 
of cell wall material. The problem was not noted in the AIR prepared directly from fresh 
plant . A mixture of pieces of unaffected material and lignified cell wall material at wound 
margins, or differing responses by individual plants to the wounding treatment and 
variation in the level of carbohydrate and protein between plants could account for this 
ob ervation. An approach involving analysis of fresh tissue removed from the zone 
inunediately around the wound site fron1 a single plant may be necessary to overcome this 
problem. This point was demonstrated in a recent study of the wounding/elicitation 
effect on CAD activity in wheat by Mitchell and co-workers (1994). They showed a 
highly localized and significant increase in activity for sinapyl alcohol dehydrogenase 
(i.e., S units) occurred only in the region around the wound margins of leaves. 
3. 3. 2 Thioacidolysis, Gas Chromatography - Mass Spectrometry (GC-MS) 
3.3.2.1 Analysis of main peaks 
Thioacidolysi and GC-MS of TMS derivatives has been proven to be an 
extremely useful tool in lignin re earch. The procedure produce higher yield , is more 
reliable, and le prone so generate unwanted side reactions than other methods of 
chemical degradati n currently in u e (Rolando et al., 1992). The nature of bonding in 
the polyn1er can be determined from the product produced, and it al o provides an 
unequivocal mean of identifying cinnamic acid (PA & FA) residues (Lapierre, 1993). 
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Figure 3.5 Gas chromatogram of TMS derivatives of sub. clover leaf lignin. 
Table 3.1 Main GC peaks of sub. clover lignin from leaves; identified TMS 
derivatives, plus their associated n1olecular and fragment ions with relative intensities. 
GC Product (TMS derivative) m/z of molecular ion & prominent fragments 
Peak (rel. intensity )C 
1 CHR3 3 196(3). 
2 CHR2-CH2Ra 210(22), 149(37),135(100). 
3 CHR2-CHR-CH2Ra 284(3), 161 (18), 135(31). 
4 possible G units 270(5),209(7), 148( 42), 135( 100), 119(8), 107 (9), 
103(4). 
5 n-tetracosane (isl)b 338(41). 
6 n-hexaco ane (i 2)b 336(33). 
7 CHR2-CH=COH=CHOH-CH20H 454(2),319(7),217 (56), 14 7 (35), 117 ( 11),103(38). 
Notes: a - Compound is in underivatized form. R = S-CHrCH3 
b - Internal tandard 
c - the n1olecular ion is listed fir t followed by the mo t prominent fragment ion 
een in the pectra. 
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The ma a signments in this section are based upon studies of pine, poplar, and 
wheat straw lignin (Rolando et al. , 1985; Lapierre & Mon ties, 1986a; Lapierre & 
Montie , 1986b; Rolando et al., 1992; Lapierre, 1993). Figure 3.5 shows the gas 
chromatogram for TMS derivatives of leaf cell wall lignin. The main GC peaks of the 
lignin TMS derivative are listed in Table 3.1, and only those markers and fragment ions 
which could be positively assigned are given. 
The use of a shorter GC column (approximately half the length used by Rolando 
and co-workers [1992]) used in this work resulted in the earlier appearance of peaks 
compared to previous studies. The clover gas chromatogram was also less complex in 
term of the number of peaks when compared to wheat straw, poplar or pine wood lignin 
(Rolando et al., 1992). However the gas chromatogram is usually unique, depending 
upon the source material (Rolando et al., 1992), thus Figure 3.5 is a fingerprint for sub. 
clover leaves. A nun1ber of important differences in the gas chromatogram of sub. clover 
were seen when co1npared to those of pine, poplar and wheat straw. The minor peak 7 of 
Figure 3.5, due to xylan units, appeared well after the hexacosane internal standard peak 
6. Thi characteristic xylan peak appeared well before the internal standards in all the gas 
chromatograms of the other study (Rolando et al., 1992). 
A number of fragment ions resulting from G units were detected in peak 4 of 
Figure 3.5. This peak comprised ions that were separated into individual peaks in the 
wheat straw study (Rolando et al., 1992) indicating that a longer column may be required 
to improve resolution. Some 1ninor peaks below peak 4 also showed G unit fragment 
ions, however, the relative abundances of fragment ions and the absence of molecular 
ions prevented an unequivocal identification of G monomers in this preparation. Small 
amounts of molecular and fragment ions for both p-coumaric and ferulic acid were seen 
a components of peak 3. 
The predonunant feature of the mass spectra of the sub. clover GC peaks was the 
high relative abundance of ions due to carbohydrate. Peaks 2, 3 and 7, plus a number of 
minor peaks, contained molecular ions and prominent fragments resulting from xylose 
(Rolando et al., 1992). 
3 . 3. 2 . 2 Analysis of minor peaks 
A number of minor peaks, in particular one at 7:54, showed molecular and 
fragn1ent ion re ulting fro1n G unit . Again the assignment is made with caution in mind 
a certain fragment ion , which are normally the mo t abundant species seen in the mass 
pectrum, have relative abundance below those seen in earlier studies (Rolando et al., 
1992). 
A number of yringyl derivative and characteristic fragment ion were al o 
detected. The molecular ion of a TMS derivative of S (S-CH2-CHR-CHR2, m/z 448) and 
ome of it corre ponding fragment ion were een in very low relative abundance in the 
nunor peak at 6:21 of the ga chromatogram. 
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Minor peak al o showed characteristic mas pectra een for poplar wood when 
ubject to lignin monomerization by acidolysis (Lapierre et al. , 1983). The two chemical 
proces es are similar and the presence of what appears to be a mixture of ions resulting 
from both procedures has been observed previously (Rolando et al., 1992). An example 
wa the minor peak appearing at 7:54 in the gas chromatogram. This showed a number of 
fragment ions and the molecular ion for guaiacyl monomers, however the relative 
abundance and presence of some fragment ions was not consistent with previous 
ob ervations (Rolando et al., 1992). On re-examination the spectra revealed a pattern 
consi tent with syringyl (S) TMS derivatives seen via acidolysis extraction procedures 
(Lapierre et al., 1983). 
A nun1ber of masses in the spectra could not be assigned. These ions may be 
products particular to sub. clover leaves. They may be impurities since the extraction 
procedure did not involve removal of carbohydrate and protein. Carbohydrate and protein 
appear to be inherent feature of cell walls in sub. clover as shown by PY-MS. Pre-
treatment of the samples with Pronase and Cellulase prior to thioacidolysis may improve 
the recovery of lignin based products. The results may also have been due to a very low 
level of lignin in leaves. A more detailed examination of stems and roots, in particular 
xylem of more mature plants, would therefore be suitable for further investigation. 
3. 3. 3 FT-IR Spectroscopy of Lignin. 
FT-IR spectrum of lignin AIR from whole plants was obtained for sub. clover 
lignin. Figure 3.6 shows the complete spectrum from 400 to 4000 cnr 1 wave numbers. 
FT-IR sub pectra, covering the range 2750-3025 cm- 1 (Figure 3.7) and 850-1550 cm- 1 
(Figure 3.8) wave numbers, show absorbance peaks assigned to lignin structural 
components. Absorbance peaks and their corresponding structures are summarized in 
Table 3.2. 
FT-IR peak a ignments were based upon a number of important studies 
examining different materials. These include model compounds (Hergert, 1971) and 
natural products from a range of hardwoods , softwoods and grasses, isolated by a 
nun1ber of different extraction procedures (Akin et al. , 1993; Faix, 1991 ; Hergert, 1971 ; 
Schultz & Gla ser, 1986), and included comparative analysis u ing difference spectra 
from both lignified and de-lignified material (for a review see Hergert, 1971). Absorption 
pectra were obtained aero the range of 400 to 4000 cm-1. The full spectra (Figure 3.6) 
wa al o in good agreement with that seen for rumen digested alfalfa and orchard grass 
leaflet by Akin and co-worker (1993). 
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Figure 3.6 FT-IR spectra of sub. clover whole plant AIR. Range 400 cm- 1 to 4000 
cm- 1 wave numbers. 
Table 3.2 sumn1arises the important features of the absorption spectra, listing the 
origins of each peak in terms of the absorbing bond at a given wave number. The data 
how definite evidence of chemical bonds present in H, G and S n1onomers. Peaks 3, 7, 
5, 10, 14 and 18 are typical of aromatic structures in particular G and/or S units (see 
Table 3.2). Peaks 3 and 18 indicate the presence of mo~e G than Sin the sample. Peaks 
11 and 14 indicate .that the G units present are more condensed, as opposed to etherified 
a i normally the case for S units. The shoulder at 815-820 cm- 1 occurs in the range seen 
for out of plane C-H vibrations at positions 2, 5 and 6 in G units. Another shoulder at 
830-835 cm- 1 indicates the ame bond producing out of plane vibrations from all 
po itions in H unit and at position 2 and 6 in S units. 
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Figure 3.7 FT-IR spectrum of sub. clover whole plant AIR. Range 2750 cm- 1 to 3025 
cm- 1 wave numbers. 
The data show the presence of a number of absorption bands resulting from 
carbohydrates present in the sample, and this was consistent with the general pattern seen 
in the MS analy e . An absorption peak at 1730 cm- 1 is representative of hemicellulose 
pre ent in whole wood extracts (Ba ett et al. , 1963). Peak number 20 in Figure 3.8 at 
900 cm-1 i due to partially acetylated xylan polyuronide (Higgins et al. , 1961), and peak 
17 i al o po ibly due to carbohydrate. 
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Figure 3.8 FT-IR spectra of sub. clover whole plant AIR. Range 850 cm- 1 to 1550 
cm- 1 wave numbers. Wave numbers and peak assignments are given in Table 3.2 for 
each of the positively identified absorbance peaks are shown. Shoulder regions are 
indicated by arrows. 
Ab orption bands due to protein and fatty esters previously seen in alfalfa (Akin 
et al., 1993) were also seen in the sub. clover spectra. A. high absorbance band at 1505-
1660 cm- 1 wave numbers is due to phenolics and protein, fatty esters show C-H 
tretching at approximately 2920 and 2855 cm-1, and carbonyl stretch at 1732 cm- 1 is due 
to both fatty e ter and protein. 
The majority of absorption peaks seen 1n the sub. clover AIR spectra were 
a igned to known lignin bond and structures which confirmed the pre ence of H, G 
and S unit een in the ma pectral data. 
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Table 3.2 FT-IR peak a ignment for sub. clover whole plant AIR. 
Wave number Peaka Band origin, comments Maxima at cm-1 
(cm- 1) (%A) 
3000-2842 l& 2 C-H tretch in methyl and methylene groups 2917 (68) 
2851 (59) 
1710-1738b - C=O stretch in unconjugated ketone, carbonyl 1732 (36) 
& ester groups (freq. carbohydrate in origin) 
1505-1515 3 aromatic skeletal vibrations; G>S 1510 (22) 
1460-1470 4 C-H deformations; asym. in -CH3 and -CH2- sh. 1460 (52) 
sh. 1475 (47) 
1422-1430 5 aromatic skeletal vibrations combined with C-H 1429 (61) 
in-plane deformation 
1365-1370 6 aliphatic C-H stretch In CH3, not rn OMe· 
' 
1370 (67) 
phenolic OH 
1325-1330 7 s ring plus G nng condensed; 1e G nng sh. 1325-1330 
substituted in position 5 (63) 
1317 8 n.a. 1317 (66) 
1282 9 n.a. 1282 (53) 
1266-1270 10 G ring plus C=O stretch 1266 (53) 
1221-1230 l 1 C-C plus C-O stretch; G condensed > G 1230 (57) 
etherified 
1199 12 n.a. 1199 (66) 
1161 13 possibly due to HGS lignin; C=O rn ester 1161 (89) 
groups (conjugated), otherwise n.a. 
1125-1140 14 aromatic in plane deformation;typical for G sh. 1130 (87) 
units when G condensed>etherified; G-S units 
al o; plus secondary alcohols & C=O stretch 
1106 15 n.a. 1106 (97) 
1086 16 C-O deformation m secondary alcohols and 1086 (98) 
aliphatic ethers 
1059 17 pos ibly carbohydrate 1059 (100) 
1030-1035 18 aromatic C-H in plane deformation, G>S; plus 1032 (95) 
C-O deform. 111 pnmary alcohol s; + C=O 
stretch (unconjugated) 
Notes: a - ee Figure 5.6 & 5.7 for peak number assignments and wave number/s 
range. b - ee Figure 3.8. h. - houlder. n.a. - not a signed. 
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Table 3.2 - Continued from previous page. 
Wave number Peak3 Band origin, comments Maxima at cm-1 
(cm- 1) (%A) 
1086 16 C-O deformation m secondary alcohols and 1086 (98) 
aliphatic ethers 
1059 ] 7 possibly carbohydrates 1059 (100) 
1030-1035 18 aromatic C-H in plane deformation, G>S ; plus 1032 (95) 
C-O deform. m pnmary alcohols; + C=O 
stretch (unconjugated) 
915-925 19 C-H out-of-plane aromatic sh. 915-925 (33) 
899 20 possibly carbohydrates 899 (36) 
853-858 21 C-H out-of-plane in position 2, 5 & 6 of G 853 (17) 
units 
830-835b - C-H out-of-plane m all positions of H units; sh(18) 
position 2 & 6 of S units 
815-820b - C-H out-of-plane in position 2, 5 & 6 of G sh(23) 
units 
Notes: a - see Figures 5.6 & 5.7 for peak number assignments and wave number/s 
range. 
b - ee Figure 3.8. 
sh. - shoulder. 
n.a. - not assigned. 
3.4 SUMMARY 
Direct Py-MS using low 16 eV ionisation energy showed that a fingerprint spectra 
of sub. clover AIR could be obtained, and showed that G and S lignin marker ions, a G-
G dimer, and important fragment ions of these could easily be detected. The presence of a 
marker ion for either H units or FA was also demonstrated, however, the low level of 
cinnamic acids een in other legumes indicates that the marker ion is most likely due to a 
majority of H monomer . The n1olecular ion of G monomers and associated fragment 
ion had the highest relative abundance in both whole plants and roots only, although H 
unit were almo t of equal relative abundance to G unit in roots , indicating that root 
ti ue lignin i chemically different. All Py-MS pectra showed the pre ence of high 
level of carbohydrate. Protein and lipids were also seen in the root AIR Py-MS spectra. 
Subsequent enzyme treatments u ing Pronase and Driselase on root AIR showed an 
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improvement in re olution by reducing ignificantly the level of mo t carbohydrate and 
protein ion from the pyroly i ma pectra. 
An attempt to detect a po ible wound lignin by examining for change in lignin 
monomer (H:G:S) ratio bowed a high level of variability between replicate sample . 
Micro- cale analy i of area around wound margin from individual plants may prove 
more u eful for thi kind of analy i . 
Thioacidoly i and GC-MS of TMS derivative of sub. clover leaf AIR showed 
the pre ence of mo tly G, ome S and trace of both PA and FA units. No H unit ions 
were detected in the ma pectra of any GC peak, indicating that leaf tissue is different 
again from the pattern een in root . A number of minor peaks characteristic of acidolysis 
product were al o een, this re ult wa not however incon istent with previous 
ob ervation (Rolando et al., 1992). Some peaks were not well resolved, therefore 
te ting of a longer (50 m) GC column may improve their resolution. Also , enzyme 
treatment of ample prior to thioacidolysi may improve the overall spectra by removing 
carbohydrate and protein contaminants. 
FT-IR analy i of whole plant AIR showed the exi tence of chemical bonds 
con i tent with the pre ence of G, S and H units, confirming the results obtained from 
the ma pectral work. 
The re ult of thi work have provided the fir t data on the nature of the lignin 
polymer in ub. clover. It al o demonstrated that qualitative variation in the composition 
of the polymer exi t between different tis ues , and represents the fir t steps towards a 
complete under tanding of the chenlical nature and formation of lignin polymer in 
ubterranean clover. The presence of mo tly G units in the tissues examined is consistent 
with the pecificity of the major i oenzyme (CAD 1) in sub. clover for coniferyl alcohol, 
a wa hown in Chapter 2. The ma pectra also showed the presence of both S and H 
unit . Since CAD 1 had no affinity for inapyl alcohol, it is likely that the S monomers 
are proce ed by one of the low abundance i oform een in Chapter 2. With the 
a ailability of ub trate to te t for H unit pecificity, identification of ub. clover CAD 
i oform / that proce thi monomer can be made. 
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CHAPTER 4 
MOLECULAR CLONING AND SEQUENCING OF CAD 
4 .1 INTRODUCTION 
To fully understand the function of CAD in subterranean clover molecular 
characterisation and expression of the gene must first be completed. A detailed study of 
the transcriptional regulation of CAD genes requires the identification, isolation and 
cloning of genonuc sequences. This chapter covers the experimental approach used in 
the identification, isolation, cloning and sequencing of a CAD gene (cDNA) fragment 
from sub. clover. The difficulties encountered in obtaining N-terminal peptide sequence 
required that an alternative strategy be employed to clone a CAD gene from clover. In 
the absence of a heterologous probe for CAD being available for library screening, 
oligonucleotide probes, or a PCR-based approach, is required. 
Initially, successful isolation of the clover CAD gene depended upon obtaining 
N-terminal peptide sequence from CAD 1. The first CAD sequence data published was 
N-terminal and some internal peptide fragment data from pine CAD (O'Malley et al., 
1992). When constrained by lack of sufficient sequence data, a method that employs 
creening a genomic library using degenerate oligonucleotide primers as probes has 
been successfully used (Duby et al., 1988; Suggs et al., 1981). The pine CAD N-
terminal sequence was used to design two degenerate oligonucleotide probes using 
regions with minimum variability at the second and third codon positions wherever 
possible. A second approach utilised the oligonucleotides as primers in the PCR 
reaction to amplify from genomic or cDN A the gene of interest (Macpherson et al., 
1991). Normally, cDNA is used as the template for amplification as it does not 
normally contain intrans. However, a faster approach that does not require a cDNA 
library is the reverse transcriptase polymerase chain reaction (RT-PCR) technique. This 
involves synthesis of first-strand cDNA from plant poly A +-mRNA, which is then used 
a a template for amplification in PCR reactions using a forward primer designed from 
the CAD consensus sequence and a reverse primer that binds to the untranslated poly A+ 
tail of the target tran cript or a region internal to the coding sequence. 
In the course of thi project, n1ore CAD sequence data from different plant 
source becan1e available ( ee Chapter 1, Section 1.8 & Table 1.2 ). Thi information 
enabled the generation of a more refined consensu sequence and revealed regions of 
homology between equences that could be useful in probe de ign. 
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4.2 EXPERIMENTAL PROCEDURES 
4. 2 .1 Materials 
4 . 2. 1 . 1 Chemicals and reagents. 
Agar - Difeo Laboratories 
Agarose (Type II: Medium EEO) - Sign1a 
Ampicillin - Sigma 
Chloroform - Rhone-Poulenc 
L-cy teine hydrochloride monohydrate - Sigma 
Din1ethyl formamide - Sigma 
EDT A - Ajax Chemicals 
Ethanol - BDH 
Ethidium bromide - Sigma 
Ficoll™ - Pharmacia 
Film, X-Ray, Hyperfilm™-MP- Amersham 
Formaldehyde - Ajax Chemicals 
Formamide - Sigma 
IPTG- Boehringer-Mannheim 
!so amyl alcohol - Ajax Chemicals 
Low melting point agarose - GIBCO BRL 
Malto e - Sigma 
Mineral oil - Sigma 
MOPS - Sigma 
Phenol - W ako Pure Chemical Indu tries 
PVP (MW 10 000) - Sigma 
RPC-5 ion exchange resin or analogue - GIBCO BRL 
Sand, medium fine (acid washed) - May & Baker 
SDS - Sigma 
Sephadex G-25 fine - Pharmacia 
Sodium acetate - BDH 
Sodium chloride - Ajax Chemicals 
Sodium hydrogen carbonate - BDH 
Tetracycline - Sign1a 
Tri - Sigma 
Tryptone - Difeo Laboratorie 
X-GAL - Sigma 
Yea t Extract - Difeo Laboratorie 
4. 2 .1. 2 Molecular biology reagents. 
Ace I - New England Biolab (NEB) 
4.2 
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Bam HI - Pharmacia 
BSA- Sigma 
Calf inte tinal alkaline pho phata e - NEB 
DMF-Sigma 
DNA Polymera e I, Klenow fragment - Pharmacia 
dNTP' - Pharmacia 
DraI-NEB 
Eco RI - Pharmacia 
A Phage DNA Markers (restricted with Hind ill) - Bresatec 
Proteinase K - Boehringer-Mannheim 
Pvu I- NEB 
Pvu II- NEB 
PstI- NEB 
Nsi I - NEB 
Reverse Transcriptase, Moloney Murine Leukemia Virus (M-ML V) - GIBCO BRL 
RNase A - Worthington Biochemicals 
RN asin Ribonuclease Inhibitor - Promega 
Sac I- NEB 
Sac II- NEB 
Snia I - Pharmacia 
SPP-1 bacteriophage DNA markers (restricted with Eco RI) - Bresatec 
Taq DNA polymerase - Bresatec 
T4 DNA Ligase - NEB 
4.2.1.3 Plasniid vectors and bacterial strains. 
1) Plasmids 
pB KS ( +) BlueScript - Stratagene 
2) Bacterial strains 
4.3 
E.coli XL-1 Blue. Genotype: recAl, endAl, gyrA96, thi-l, hsdRl7, supE44, 
relAl, lac, [F' proAB, lacJqz~J5, TnlO, (tetr)] - Stratagene 
E.coli DHS-a. Genotype: F-, <p80lacZ~15, recAl, endAl, gyrA96, thi-l, 
4.2.1.4 
hsdRl 7(rK-, mK+), supE44, relAl, deoR, !1(lacZYA-argF)U 169 - Gibco 
BRL 
Buffer Solutions. 
l) Alkaline lysis niiniprep 
i) GTE olution - 50mM gluco e; 25mM Tri -HCl, pH 8.0; and l0mM EDT A. 
Autoclaved and to red at 4 °C. 
ii) NaOH/SDS Solution - 0.2N NaOH; and 1 % w/v SDS. Prepare just prior to use. 
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iii) SM pota ium acetate solution - Add 11.5 rnL of glacial acetic acid and 28.5 rnL of 
H20 to 60 rnL of SM pota ium acetate. 
2) Genomic DNA extraction solutions 
i) Extraction buffer - l00mM sodium acetate, pH 4.8; 50mM EDTA, pH 8.0; 500mM 
NaCl; 2% oluble PVP (10,000 MW); l0mM cysteine; and SDS to 1.4% (added after 
adju ting pH to 5.5, if necessary). 
ii) SM potassium acetate, pH 4.8. 
iii) SM odium acetate, pH 4.8. 
3) RPC-5 Chroniatography buffers 
i) Buffer A -l00mM Tris-HCl, pH 7.5; and 5mM EDTA, pH 8.0. 
ii) Buffer B - 4001nM NaCl; l0mM Tris-HCl, pH 7.5; and lmM EDTA, pH 8.0. 
iii) Buffer C - 2M NaCl; l0mM Tris-HCl, pH 7.5; and lmM EDTA, pH 8.0. 
4) Phenol/Chloroform 
Phenol was prepared as follows: aqueous phase of water equilibrated phenol was 
replaced with IM Tris-HCl, pH 8.0 and the phases mixed. Phases were allowed to 
separate then the aqueous phase was replaced with 50mM Tris-HCl, pH 8.0 and mixed 
again. 8-hydroxyquinoline at 0.1 % w/v was added as an antioxidant. Stored at -20°C. A 
second olution of 24: 1 v/v chloroform/isoamyl alcohol was prepared by mixing 96 rnL 
chloroform with 4 rnL isoamyl alcohol. Stored at room temperature in a tightly capped 
bottle. Phenol/Chloroform was prepared by mixing 5 rnL of the lower organic phase of 
the above phenol olution with 5 rnL of chloroform/isoamyl solution and 10 rnL of TE 
pH 8.0. Stored at 4 °C. 
5) TE Buffer - I0mM Tris-HCl pH 8.0; and lmM EDTA pH 8.0 
6) TEN buffer - l0mM Tri -HCl, pH 8.0; lmM EDTA, pH 8.0; and l00mM NaCl. 
7) RNase A (DNasefree) 
Ten mg RNase A rnL- 1 was dissolved in l0mM Tris-HCl, pH 7.5; 15mM NaCl, 
and heated to 100°C for 15 mins. The solution was then cooled to room temperature and 
tore at -20°C. 
4.2.1.5 Other solutions and solid ,nedia. 
1) Antibiotics 
i) Tetracycline - 15 n1g rnL- 1 in 70% Ethanol. 
ii) Ampicillin - 100 mg rnL-1 in water. 
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2) X-Gal/IPTG plates 
i) X-Gal - 100 mg mL- 1 in DMF. 
ii) IPTG - 40 mg mL- 1 in water. 
iii) LB Agar 1.5%. 
3) Hybridisation solutions 
4. 5 
i) Denhardt's solution (l00x) - 2% (w/v) BSA; 2% (w/v) Ficoll™; and 2% (w/v) PVP. 
ii) SSPE (20x) - 3.6M NaCl; 0.2M Sodium Phosphate; and 0.02M EDTA, pH 7.0. 
iii) Prehybridi ation/hybridisation buffer - 5x SSPE; 5x Denhardt's solution; and 0.5% 
(w/v) SDS. 
4.2.2 Methods 
4.2.2.1 Preparation and screening of bacteriophage lambda genomic library of T. 
subterraneum ( cv. Karridale) using radio labelled degenerate oligonucleotides probes. 
N-terminal peptide sequence data of CAD from loblolly pine (O'Malley et al., 
1992) was used to design two degenerate oligonucleotides called CAD oligonucleotide 1 
and 2 respectively (see Table 4.2, page 4.16). The mixed oligonucleotides were used to 
probe a genomic library of sub. clover ( cv Karridale) in lambda phage (Arioli et al., 
1994). The library was plated and transferred to duplicate Hybond-N filters as described 
by Quertermou (1988a). The library was screened using CAD oligonucleotides 1 and 2 
labelled with 32P and hybridised in SSC as per Duby et al. (1988). Filters were sealed in 
bags with probe olution and hybridised in a shaking water bath at 52 °C (CAD 
oligonucleotide 1) and 45 °C (CAD oligonucleotide 2). The first and second washes were 
done at 62 °C (CAD oligonucleotide 1) and 52 °C (CAD oligonucleotide 1). Filters were 
kept wet by sealing in plastic film and were autoradiographed on Amersham 
Hyperfilm™-MP at -70 °C for 48 hrs prior to development. Identification and 
purification of po itive plaques was performed as per Quertermous ( 1988b) using 
hybridi ation temperatures and washes as above. 
4. 2. 2. 2 Isolation and purification of genomic DNA. 
Genon1ic DNA (gDNA) extractions were performed using a modified method of 
Guillemaut and Marechal-Drouard (1992) with the following modifications. 1-3 gm of 
whole T. subterraneuni ( cv. Karridale) plants were weighed and transferred to a pre-
cooled mortar, ground to a fine powder in liquid nitrogen with 1 gm of acid-washed 
sand, keeping the powder frozen at all times. The powder was then added to 3-10 mL of 
extraction medium and mixed gently for 3-5 mins. The mixture was then filtered through 
2 layer of Miracloth® (Calbiochem, La Jolla, California) into a sterile 50 mL Falcon® 
tube (Becton & Dickin on, Lincoln Park, New Jersey) tube. The filtrate was incubated at 
65°C for 10-30 1nin with gentle intern1ittent baking to precipitate all vi cous 
compounds. The filtrate wa then centrifuged at room temperature at 11 000 rpm (in an 
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SS-34 Sorval rotor) for 10 min . The upernatant was then decanted, taking care not to 
disturb the pellet ,and a 1/3 vol. of potassium acetate, pH 4.8 solution added. This was 
followed by gentle mixing and incubation on ice for 30 mins. The mixture was then 
centrifuged at 11 000 rpm (in an SS-34 Sorval rotor) for 10 mins at 4°C. The supernatant 
was decanted into sterile 30 mL Corex™ tubes and 0.6 vol. of isopropanol was added 
with gentle mixing, followed by incubation for 30 mins at -20°C to precipitate the nucleic 
acids. The samples were then centrifuged at 11 000 rpm (in an SS-34 Sorval rotor) for 10 
mins at 4°C and the supernatant was discarded. The DNA pellet was carefully dissolved 
in 500-1000 µL of sterile Milli-Q water and, if necessary, centrifuged to remove any 
insoluble particles. A 25 µL aliquot of this was run on a 1.0% agarose TBE gel to check 
for purity and size. The DNA was precipitated again by adding a 1/10 volume of sodium 
acetate, pH 5.2 and 0.6 vol. isopropanol, incubated for 30 mins at -20°C, then 
centrifuged (11 000 rpm in an SS-34 Sorval rotor) at 4°C for 10 mins. The supernatant 
was discarded and the DNA pellet washed with 70% (v/v) ice-cold ethanol and allowed to 
air dry for 10 mins. The DNA pellet was then dissolved in 500-1000 µL of Buffer B (see 
Section 4.2.1.4 ), if it was to be further purified via column chromatography, or in Milli-
Q water and a 25 mL aliquot was run on a gel to check purity and size. 
4 . 2 . 2 . 3 DNA purification by RPC-5 ion exchange column chromatography. 
Ultra pure genomic DNA for use as template in PCR reactions was prepared as 
follow . RPC-5 powder (1.5 g) was blended in Buffer B for 2-3 min. then poured into a 
10 mL Bio-Rad Poly-Prep column partially filled with the same buffer. This gave a 1.5 
mL bed volume since the RPC-5 resin will bind approximately 2 mg of nucleic acid per 
gram of dry weight. The column was then equilibrated by flushing with 10 mL of buffer 
B per gram of RPC-5. 
Chromatography of nucleic acids was as follows. The DNA sample in Buffer B 
was loaded onto the column drop wise and allowed to adsorb onto the column for 
approxin1ately 10 min. The colunm was then washed with 20 mL of buffer B per gram of 
RPC-5, under gentle back pressure using a syringe. The DNA was then eluted by 
passing 100 µL-1000 µL of Buffer C (see 4.2.1.4 above) through the column and 
collecting all of this volume. The DNA was precipitated to remove salts by the addition of 
2 volume of ice cold 100% ethanol, chilled at -20°C for at least 2 hrs or overnight, then 
centrifuged at 10 000g (in an SS-34 Sorval rotor) at 4°C for 10 mins. The DNA pellet 
was wa hed with 70% ethanol, followed by 100% ethanol and then air dried for 10 min. 
The DNA pellet wa di olved in 50-250 µL of TE buffer or Milli-Q water. 
Column were reu able for genomic DNA purification from the same plant 
ource and were cleaned by washing with 20 mL of Buffer C per gram of RPC-5 and 
to red at 4 °C. 
t 
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4.2.2.4 Isolation and purification of total RNA. 
Total RNA was prepared from 4-week old plant , grown as per section 2.2.2.1 , 
u ing the method developed by Au bel et al. (1990) modified from the hot phenol/SDS 
method of Palmiter (1974). Preparations were made from both leaves and whole plants. 
4. 2. 2. 5 Isolation and purification of polyA +-RNA. 
Polyadenylated messenger RNA was purified from the total RNA of both whole 
plant and leaves using the Promega PolyATract™ mRNA isolation system. The protocol 
utilise biotinylated oligonucleotide(dT) to bind the poly A+ tail of the mRNAs which are 
then captured on streptavidin-coupled magnetic particles prior to eparation by stringent 
wa hing and elution of an enriched fraction of poly A +-mRNA. 
4.2.2.6 Synthesis of first-strand cDNAfrom total and polyA +-RNA. 
First-strand cDNA was synthesised via the method of Klickstein and Neve 
(1990). The mRNA was transcribed using the reverse primer of Hudson et al. (1992) 
with the 17-mer sequence 5"-GGGAGCTCGCTAGCGGATCCT 1r3" in order to 
produce full-length transcripts from the polyadenylated RNA tail through the 3,, 
untranslated region up to the N-terminus of the mature coding sequence. Screening for 
ynthe is of full-length first-strand cDNA products was done using denaturing alkaline 
agaro e gel electrophoresis as described by Sambrook et al. (1989). 
4.2.2.7 PCR amplification of CAD gene products. 
The polymerase chain reaction (PCR) method was used to amplify CAD gene 
product from first-strand cDNA of leaves and whole plants made from either total RNA 
or poly A +-mRNA. The reaction were done using oligonucleotide primers designed fron1 
published CAD peptide and nucleotide sequence data (see Tables 4.2 & 4.3, pages 4.16-
17). PCR reactions not utilising one of the internal C-terminal reverse primers listed in 
Table 4.3 involved the use of a 20-base universal reverse oligonucleotide primer with the 
equence 5,, -GGATCCGCT AGCGAGCTCCC-3,, which corresponds to the reverse 
transcription primer of Hud on et al. (1992) (see Section 4.2.2.6) without the T 17 tail. 
Annealing temperature, MgCb concentration, and ramping rates were examined for 
optimum perforn1ance of individual primer pair . Each 25 or 50 µL reaction contained lx 
Taq reaction buffer (Bresatec); lmM dNTP ; 1 unit Taq polymerase and 2.5pM each of 
the forward and rever e pri1ner. Template concentration wa 0.1 to 0.5 µg for genomic 
DNA and 0.1 µg for fir t- trand cDNA. 
Amplification reaction were for a total of 30 cycles and hot start were done by 
addition of 1 µL (1 U) of Taq after an initial 3 min. of denaturation at 94°C. PCR 
reaction were done on a MJ Re earch thern1al cycler. The theoretical melting temperature 
of each oligonucleotide wa calculated and reaction were typically performed with an 
annealing temperature 5 to 15 °C below thi value in order to generate products. 
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The fir t 5 cycles were longer and a typical example i as follows: 
1) 1 cycle of denaturing at 94°C for 3:00 min., then add Taq; 
2) 5 cycle of denaturing at 94°C for 1 :00 min., anneal at 51 °C for 2:00 min., extend at 
72°C for 2 min.; 
3) 25 cycles of denaturing at 94 °C for 0: 30 min., anneal at 51 °C for 1: 15 min. , extend at 
72°C for 1 :00 min.; 
4) a final extension at 72°C for 3:00 min.; 
5) followed by hold at 4 °C. 
4. 2. 2. 8 Small scale plasmid preparations. 
Alkaline lysis minipreps were performed by the method of Engebrecht et al. 
(1989) . The Promega Wizard Minipreps™ system was also used to purify sequencing-
grade plasmid DNA using the manufactures instructions. 
4.2. 2 .9 Restriction enzyme digestion of DNA. 
Re triction enzyme digests were performed in 10-50 µL reaction volumes using 
50 ng to 10 µg of DNA depending upon whether plasmid or genomic DNA was being 
restricted. Manufacturers recommended buffers and concentrations were used unless 
stated otherwise. 
4.2.2.10 Blunt-end cloning of PCR products. 
DNA inserts (PCR products) were prepared for blunt-end cloning as follows. The 
PCR products were purified from the previous reaction buffer, unincorporated 
nucleotides and primers using a modified protocol of Treco (1989). The reaction mix was 
phenol/chloroform extracted twice, then ethanol precipitated via the addition of 0.1 
volume of 3M sodium acetate (pH 5.2) and 2.3 volumes of ice-cold 95% ethanol 
overnight at -20°C. The precipitate was centrifuged for 10 min. in a microfuge at 4°C, 
washed twice with 70% ethanol to remove contaminating salt, allowed to air dry for 
approximately 10 min., then dissolved in 13 µL of Milli-Q water. 
1) End filling of cohesive ends to produce blunt ends 
Taq polymerase used in the PCR reactions creates single stranded 5" overhangs which 
therefore require blunt ending prior to cloning. The DNA was treated in the following 
reaction: Add 1 µL of 0.5mM dNTPs; 1-5 U DNA polymerase (Klenow fragment); and 
reaction buffer (lx ); to a total volume of 10 µL. Incubate the reaction for 30 min. at 
37°C. Thi reaction wa then phenol/chloroform extracted and the DNA was ethanol 
precipitated a above. 
2) Pho phorylation of purified PCR products 
Purified product from above were pho phorylated (addition of 5" pho phate to allow 
ligation) in the following reaction. Add 2 µL of lx Kina e buffer (l0x tock); 4 µL of 
2mM ATP (l01nM tock); and lµL of T4 polynucleotide kinase (1 0 unit /µL), to give a 
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total reaction volume of 20µL with terile Milli-Q water. The reaction mix was incubated 
for 45 min. at 37°C, then the fragments were separated on a 1.0 % LMP agarose gel, the 
required band/s cut out and purified using the Promega Wizard™ PCR Purification 
Sy tern for LMP gel slices. 
3) Preparation of vector for blunt-end cloning 
pBS SK ( +) was cut at the Sma I site in the poly linker to produce blunt ends as follows. 
Approximately 2 µg of vector, 3 µL of Sma I (l0U/µL stock), 5 µL (l0x) restriction 
enzyme (R.E.) buffer (NEB No. 4) were added and made up to a final volume of 50µL 
with sterile Milli-Q water. The plasmid was then restricted for 1.5 hrs at 30°C. 
4) Alkaline phosphatase treatment of vector 
To prevent vector self ligation when cloning inserts, alkaline phosphatase treatment of 
vector was performed by adding the following to the completed reaction in 3 above: 1 µL 
(l0U/µL) calf intestinal alkaline phosphatase (CIP); 10 µL of CIP buffer (l0x); and 
sterile Milli-Q, to a final volume of 100 µL. The reaction was incubated for 30 min. at 
37°c. 
5) Proteinase K digestion 
3 µL ofproteinase K (4 mg/mL); 3 µL of 10% SDS; and 1.2 µL of 0.5M EDTA, pH 8.0 
was added to the above reaction and made up to final volume of 120 µL with sterile Milli-
Q water. The reaction mix was incubated for 30 min. at 56°C, then phenol/chloroform 
extracted as above. 
6) Ligation of vector and insert 
Ligations were performed using the following vector to insert ratios; 1 :3, 1 :2, 1: 1, 2: 1, 
3: 1. Reactions were set up as follows: 1 µL T4 DNA ligase (400U/µL); 1 µL l0x ligase 
reaction buffer; and 25-50 ng of vector, plus appropriate ratio of insert DNA (PCR 
product) were added, and made up to a final volume of l0µL with sterile Milli-Q water. 
The reaction mix was incubated at either room temperature or l 6°C for at least 4 hrs or 
overnight. The reaction mix was then transformed into E.coli. as in Section 4.2.2.13 
below. 
4 .2.2.11 T-tail cloning of PCR products. 
The preparation of T-tailed vector for cloning products with single A nucleotide 
overhang wa performed as described below. 
1) Overnight culture of cells containing vector (BlueScript II KS+) for T-tailing 
A single colony of E. coli containing pBlueScript vector was inoculated into 2.5-3 mL of 
LB culture media containing Ampicillin (50 mg mL-1) and grown overnight with shaking. 
The plasmid was purified u ing the Promega Wizard™ Minipreps kit then checked for 
purity on a 1.0% agaro e gel. 
2) Restriction enzynie digestion of vector 
Vector wa dige ted with Sma I as follows: 5 µg vector was added to 1 µL of l0x Buffer 
(NEB N°. 4); 1 µL acetylated BSA; 1 µL Sma I (l0U/µL) and made up to a final volume 
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of 10 µL with sterile Milli-Q water. The reaction mix was incubated at 25°C for 1-1.5 
hr . The mix wa phenol:chloroform extracted once, then precipitated by the addition of 2 
volume of ethanol and chilled at -20°C for at least 2 hrs or overnight. The precipitate was 
centrifuged in a microfuge for 30 min. and the pellet washed twice with 70% ethanol and 
allowed to air dry for 10-15 min. The pellet was dissolved in 50 µL of sterile Milli-Q 
water, and the concentration and purity determined by measuring absorbance at A26o of a 
1: 100 dilution. 
3) Addition of 3' T overhang to vector blunt ends 
5 µg of blunt-ended vector was added to 5 µL of 1 Ox amplification buffer; 3 µL of dTTP 
mix (5mM); 3 µL of 25mM MgCh; and 1 µL of Tag (1 U/µL), then made up to a final 
volume of 50 µL with sterile Milli-Q water. The reaction mix was incubated for 2 hrs at 
75°C. The mix was phenol:chloroform extracted once then precipitated by the addition of 
2 volumes of ethanol and chilling at -20°C for at least 2 hrs or overnight. The precipitate 
was centrifuged in a microfuge for 30 min., the pellet washed twice with 70% ethanol 
and allowed to air dry for 10-15 min. The pellet was then dissolved in 50 µL of sterile 
Milli-Q water, and the concentration and purity determined by measuring absorbance at 
A260 of a 1: 100 dilution. 
4) Vector and insert ligation 
Ligations were performed as follows: 1 µL of T4 DNA ligase (400U/µL); 1 µL of l0x 
ligase reaction buffer; 25-50 ng of T-tailed vector; and 5 µL of insert DNA (PCR 
product) were added and made up to a final volume of 10 µL with sterile Milli-Q water. 
The reaction mix was incubated at l 6°C for 4 hrs and then transformed into E.coli. as in 
Section 4.2.2.13 below. Controls of ligated vector with no insert were performed to 
check the background level of recombinants not containing inserts. 
4. 2. 2 .12 Cloning of PCR products and selection of positive clones. 
PCR products were directly purified using the Promega Wizard™ PCR 
Purification Sy tern. The PCR products were washed from the columns using 20 µL of 
80°C Milli-Q water. The purified products were then digested with the appropriate 
re triction enzyme ( either Barn HI or Eco RI) for 1 hr. The enzyme wa heat killed at 
75°C for 15 min. and then allowed to cool to room temp for 15 min. Of this reaction, 1 
µL wa ligated using T4 liga e, with 1 µL (approximately 0.5 µg total DNA) of pBS KS 
( +) precut with the same re triction enzyme. Ligations were carried out in a volume of 10 
µL. The reaction wa allowed to ligate at 15°C for 16 hrs or at 4°C overnight. 2 µL of the 
ligation mix was electroporated into XL-1 Blue E. coli cells as per Section 4.2.2.13 
below. Plasmid miniprep were performed on white clones using either of the methods 
de cribed in Section 4.2.2.8 above. The pla mid DNA wa then cut with the appropriate 
re triction enzyme and eparated on a 1.0% agarose TBE gel to check for the pre ence 
and size of in erts. 
Molecular Cloning and Sequencing of CAD 4.11 
4.2.2.13 Transformation of E.coli. with recombinant plasmids. 
Bacteria were prepared and the DNA introduced into the cells via calcium chloride 
transformation or electroporation u ing the methods de cribed by Seideman and Sheen 
(1989). 
4.2.2.14 Sequencing of cloned PCR products. 
Pla mid DNA was prepared for sequencing using the ABI PRISM™ Ready 
Reaction DyeDeoxy™ Terminator Cycle Sequencing kit. Clones were grown as per 
Section 4.2.2.11 and plasmid DNA was purified using the Promega Wizard Minipreps™ 
kit. Purified plasmid was quantified and made up to a concentration of 1.0-0.5 µg DNA 
µL-1. A 20 µL reaction wa set up with the following: 9.5 µL of terminator premix; 1.5-
0.5 µg of dsDNA template; and 3.2pmol of sequencing primer. Sequencing primers were 
either T3, T7 or -21(M13). All plasmids were sequenced in both the forward and reverse 
directions. 
Cycle sequencing was performed on a MJ Research thermal cycler using the 
following conditions: (Step 1) Denature 96°C, 3 min.; (2) 96°C, 30 secs; (3) 55°C 15 
ecs; (4) 60°C, 4 min.; (5) repeat steps 2 through 4, 24 times; and (6) 4°C hold at end. 
Ramping rate at all steps was 0.5°C per sec. 
4.2.2.15 Direct sequencing of PCR products. 
PCR products from three identical reactions using CAD oligonucleotides 12 and 
13 were pooled and extensively purified by phenol:chloroform extraction twice then 
ethanol precipitated with 3M sodium acetate (pH 5 .2) as in Section 4.2.2.10. The 
purified products were then separated on a 1.2% LMP agarose TBE gel and individual 
bands were excised and purified from the agarose using the Promega Wizard™ PCR 
Purification Sy tern. The DNA was then dissolved in 10-20 µL of sterile Milli-Q water 
and the concentration and purity determined by UV pectrophotometry at A260· CAD 
oligonucleotide 12 and 13 were used in place of the sequencing primers in Section 
4.2.2.14 and sequencing wa performed as in Section 4.2.2.14. 
4.2.2.16 Probe labelling, hybridisation and autoradiography. 
Gel-purified DNA fragment from PCR reactions or re triction digests were 
labelled via primer ex ten ion with random primers (Feinberg and Vogelstein, 1983; 
1984) u ing the Promega "Prin1e-a-Gene® Labelling Sy tern" . Purified DNA fragment 
(25 ng of PCR product or vector in ert) or 5 ng of precut tandard markers were labelled 
per reaction and unincorporated nucleotide removed by pin column chromatography in 
G-25 fine Sephadex and TEN buffer (Sambrook et al. , 1989) or filter centrifugation via 
Millipore Ultrafree®-MC filter of 10,000 MW cut off. Genomic DNA was restricted as in 
Section 4.2.2.9, eparated on a 0.9 % agaro e TBE gel and then Southern blotted onto 
An1er ham Hybond™-N+ membrane according to the manufacture instructions. 
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Membrane were prehybridized in a Hybaid™ oven in bottles containing 25 mL of 
prehybridi ation olution for 2 hrs at 65°C prior to the addition of radiolabelled probe. 
Probe were heated to 100°C for 5 min. and then cooled on ice to separate the DNA 
trand prior to direct addition into the bottle containing the hybridised membrane in 
olution. Hybridi ation was done for 16 hrs at 65°C. Membranes were then washed two 
time at roon1 temperature in 2x SSPE, 0.1 % SDS (w/v) for 10 min .. They were then 
wa hed in lx SSPE, 0.1 % (w/v) SDS for 15 min. at 65°C, followed by a 10 min wa h 
in O. lx SSPE, 0.1 % (w/v) SDS at the same temperature prior to autoradiography in an 
X-ray cassette at -70°C for 1-7 days prior to development or, alternatively, were exposed 
on a Molecular Dynamics PhosphorStorage Screen (California U.S.A.) and visualised 
digitally via a Phosphorlmager. 
4.2.2.17 Analysis of CAD gene sequences. 
Nucleotide and peptide sequences were obtained from GenBank and EMBL data 
ba es (see Chapter 1, Table 1.2 for accession numbers) using computer programs 
running on the Australian National Genome Information Service mainframe at the 
Univer ity of Sydney. Sequence identities were calculated using the program FastA 
which uses the algorithm of Wilbur & Lipman (1983) to determine the level of homology 
between two peptide or nucleotide sequences. Sequence alignments were assembled 
u ing the program PileUp in GCG which uses the algorithm of Sneath & Sokal (1973) to 
create the multiple sequence alignment. 
4.3 RESULTS AND DISCUSSION 
4. 3 .1 Screening of a Sub. Clover Genomic Library in A Phage using 
CAD oligonucleotides 1 and 2. 
When this project began, no CAD amino acid or nucleotide sequence data had yet 
been obtained by any worker in the field. The first protein purification and peptide 
equencing to be publi hed was that by O'Malley et al. (1992) from loblolly pine, 
although the full cDNA sequence did not appear in the GeneBank until October 1994. 
The two degenerate oligonucleotide probes, CAD oligonucleotide 1 and 2 (see Table 4.1 
& 4.2, page 4.16), were designed from the pine CAD N-terminal peptide sequence which 
covered the region 4 - 57 of the amino acid alignment ( ee Appendix B). At positions of 
four-fold redundancy the 'universal base ' inosine was incorporated (Knoth et al., 1988) 
to reduce the total number of oligonucleotides in the mixture. Each oligonucleotide wa 
u ed to probe the ub. clover phage lambda genomic library. The library was plated and 
creened by hybridi ation u ing CAD oligonucleotide 1 and 2 on two eparate occa ions. 
Plaque that hybridi ed were elected only when pre ent on duplicate filters at each 
creening tage. Potential po itive were picked, amplified and creened using both 
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oligonucleotides. However, subsequent rounds of purification did not result in the 
purification of any positive plaques. A number of factors could account for this result. 
The technique of library creening using oligonucleotides requires low degeneracy in the 
equence pool of a given primer for a chance of success due to the hybridisation kinetics 
and the low level of label associated with the hybridising portion of the probe 
(McPherson et al., 1992). The degeneracy of CAD oligonucleotides 1 and 2 was 8-and 
72-fold, respectively. Another possibility could have been that the library was not 
completely represented. Other users had noted that some sequences, such as maize malic 
enzyme (the erroneously reported Bean CAD4 clone of Walter et al., 1988) were not 
found when using this and other heterologous probes (M. Oakes and Dr J. Whelan pers. 
comm.). However, the most likely explanation can be seen in the sequence alignments. It 
became evident later that there was low homology between pine and other species ( except 
Spruce) in the regions which were chosen for the design of the two oligonucleotides (see 
Appendices A and B). 
It was therefore decided to try the RT-PCR approach, based upon a consensus 
DNA sequence generated from the alignment of the CAD sequences from other plant 
species, as they became available. 
4.3.2 RT-PCR: Isolation and Cloning of Sub. Clover CAD cDNA 
Fragment. 
4.3.2.1 Design of degenerate oligonucleotides for PCR. 
In the absence of a cDNA library, a new approach using PCR to amplify a 
sequence encoding CAD from first-strand cDNA, known as reverse transcriptase-
polymerase chain reaction (RT-PCR), was adopted. As the task of obtaining sub. clover 
N-terminal peptide sequence was still continuing, available sequence data from other 
pecies had to be utilised in the design of other oligonucleotides for use as PCR 
amplification primers. However, thi approach could not guarantee the isolation of the 
true sequence encoding the CAD 1 isoenzyn1e from sub. clover. Any sequence isolated 
by thi method can only be confirmed if it has exact homology to clover CAD 1 peptide 
equence. 
Table 4.1 lists each of the CAD oligonucleotides designed and used in this work 
and gives the orientation, length, degeneracy and type of restriction site, where present, 
for cloning purpo es. Table 4.2 and 4.3 list the nucleotide sequences including 
degenerate codon for the forward and rever e oligonucleotide , respectively. The tables 
al o how the location within the nucleotide (Appendix A) and amino acid (Appendix B) 
quence alignment , and the ource equence/ fron1 which the oligonucleotide wa 
derived. Figure 4.1 hows the location of all the CAD oligonucleotides relative to the full-
length alfalfa (Van Doors elaere et al., 1995) CAD peptide sequence. 
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Table 4.1 CAD oligonucleotides used as PCR primers. 
Primer Typeb Length Degeneracyc Re triction ite 
1a Forward 26 8 -
2a Forward 21 72 -
3 Forward 23 24 -
4 Forward 23 16 -
5 Forward 29 96 -
6 Reverse 22 72 -
7.0 Forward 22 16 -
7 .1 Forward 30 16 Eco RI 
8 Forward 18 6 -
9 Forward 18 0 -
10 Revere 21 8 -
11 Reverse 20 64 -
12 Forward 34 384 BamHI 
13 Reverse 33 4 BamHI 
Notes: a - CAD oligonucleotides 1 & 2 were used to probe the sub. clover genomic library in 'A, 
phage and a PCR primers. All other primers were used in PCR exclusively. 
b - Forward and reverse primers are shown relative to the alfalfa (Van Doorsselaere et al., 
1995) peptide sequence in Figure 4.1. See also Tables 4.2 and 4.3, pages 4.16-17, for 
nucleotide equence howing location, orientation and degeneracy at each codon position 
of forward and reverse primers re pectively. 
c - Fold degeneracy i the number of unique oligonucleotide sequences that make up the 
total pool of equences from each oligonucleotide. 
The fir t complete nucleotide equences to become available were the cDNAs of 
tobacco CAD 14/19 (Knight et al., 1992) and alfalfa (Van Doorsselaere et al., 1995, 
equence ubmitted to GeneBank in April 1993). The alfalfa sequence was used to design 
primer 3 and 4, a thi pecie is the most closely relat~d to sub. clover available. The 
tobacco CAD 19 wa u ed to de ign oligonucleotide 5. The fir t PCR experiment used 
the e primer , including CAD oligonucleotides 1 and 2, a forward primers and the 
uni er al rever e oligonucleotide primer of Hud on et al. ( 1992) to the 3,, untranslated 
region ( ee ection 4.2.2.7) to amplify from leaf and whole plant fir t- trand cDNA 
template. 
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1 ,.. 
3 ,.. 4 ,. 2 
1 MGSIEAAERTTVGLAAKDPSGILTPYTYTLRNTGPDDVYIKIHYCGVCHS 
9 )Ill, 8 )- 7.0 & 7.1 )Ill, 
51 DLHQIKNDLGMSNYPMVPGHEWGEVLEVGSNVTRFKVGEIVGVGLLVGC 
101 CKSCRACDSEIEQYCNKKIWSYNDVYTDGKITQGGFAESTVVEQKFVVKI 
151 
201 
251 
301 
351 
J 12 ,.. 
PEGLAPEQVAPLLCAGVTVYSPLSHFGLKTPGLRGGILGLGGVGHMGVKV 
AKALGHHVTVISSSDKKKKEALEDLGADNYLVSSDTVGMQEAADSLDYII 
DTVPVGHPLEPYLSLLKIDGKLILMGVINTPLQFVTPMVMLGRKSITGSF 
13 
~ 10 ,c 11 41( 6 ~ 
VGSVKETEEMLEFWKEKGLTSMIEIVTMDYINKAFERLEKNDVRYRFWD 
~ 
VKGSKFEE 
4. IS 
Figure 4.1. Location and direction of synthesis of CADoligos, shown relative to the 
full length Alfalfa peptide sequence. Forward primers > , Reverse primers ..- , 
Restriction sites 
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Table 4.2 Forward oligonucleotide primer used in PCR. 
Primer a Beginb Sequencec ( 5,, -3 ,,) End Sourced 
1 10 E K T V T G 
y A A 20 PineA/B 28 GAG AAA. ACI GTI ACI GGI TAC GCI GC- 60 
A G T 
2 47 I 
y C G I C H 53 PineAJB 139 A'IT TAC TGT GGI A'IT TGT CA- 159 
C T C C C 
A A 
3 1 M G s I E A A E 10 Alfalfa 1 ATG GGI TCI ATC GAG GCI GCI GA- 30 
AG T A 
A 
4 19 A A K D 
p s G I 26 Alfalfa 55 GCI GCI MG GAT CCI TCI GGI AT- 78 
A C AG 
5 7 D V E K s A I G w A 19 N.t.19 19 GAT GTI GAG MG TGI GGI ATC GGI TGG GC- 57 
C A A AC T 
A 
7.0 86 D V SIT K/R F K V G 93 256 -AT GTG TCA AAA. TIC AAA. G'IT GG- 297 Aralia/Alfalfa, 
A GG G N.1.19/14 
7. 1 e 83 IIV G s D ·v SIT K/R F K V G 93 Aralia 247 --A cGA AtT cAT GTG TCA AAA. TIC AAA. G'IT GG- 279 
EcoRI A GG G Alfalfa 
8 71 V p G H E V V 77 f 211 -'IT CCC GGC CAT GAA. GTG G-- 231 
T G 
A 
9 61 N D L G M s 66 181 198 
(J 
MT GAT C'IT GGC ATG TCC 0 
12e 193 G I L G L G G V G H M G 204 G GGG ATc cTI GGI TTI GGI GGI GTI GGI CAC ATG GG- h 
577 BamHI C T 612 
Notes: a - CAD o1igonucleotide number, note primers 1 and 2 were used initially for probing sub. 
clover gDNA library. 
b - Primer Begin and End numbers cover the first and last amino acid residue that comprises all , 
or part thereof the region to which the primer was designed, whether or not all positions of the codon are 
included in the actual nucleotide sequence of that primer. The numbers refer to sequence positions of 
amino acids (italics) and nucleotides in appendices A and B, respectively, to facilitate their location within 
the equence alignment. 
c - Sequence are shown in the sense orientation reading 5 , to 3, below the corresponding amino 
acid coding region (italics). Ino ine residue are shown a I. 
d - Amino acid sequence/s that were used in the design of the oligonucleotide are listed. The 
sequence/ were back tran lated using the codon frequency table of 206 plant genes by Murray et al. 
(l 989). 
e - Oligonucleotide with underlined re triction sites how the residues that do not fit the 
con en u equence in lower ca e. 
f - PineA & B, Spruce, E. gunnii cDNA and gDNA, E. Botryiodes gDNA, Polar, Aralia, 
Alfalfa, N.t.19 & 14, Arabidop i gDNA and PRL2 cDNA. 
g - E. gunnii cDNA and gDNA, E. Botryiodes gDNA. Polar, Alfalfa, N.t.19 & 14, Arabidopsis 
gDNA and PRL2 cDNA. 
h - ame a f, not including PineA. 
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Table 4.3 Reverse oligonucleotide primers used in PCR. 
Primer a Beginb Sequencec (listed 3 "-5 ") End Sourced 
6 352 R y R F V V D V 359 Alfalfa 1054 --C GAT GTC TAA ACA ICA ACT ACA 1077 
C A C G C 
T G 
10 311 s M/V K E T E E M 318 f 931 -CG TAC TTC CTC TGT CIC CTC T-- 954 
C T T 
11 e 342 A I / M E R L E K 348 
FI L 
g 
1024 CGT TAG CTr TCT AAI CIC Tr- 1044 
AAC C CG 
13i 348 K N D V R/ S y R F V V D V 356 h 
TTr TrA CTA CAI TCI ATA TCI AAA. CAC CtA gqG a--
C G G AG GG G BcmHI 
1042 G 1075 
Notes: a - CAD oligonucleotide number. 
b - Primer Begin and End numbers cover the first and last amino acid residue that comprises all 
or part thereof the region to which the primer was designed, whether or not all positions of the codon are 
included in the actual nucleotide sequence of that primer. The numbers refer to sequence positions of 
amino acids (italics) and nucleotides in Appendices A and B respectively, to facilitate their location within 
the sequence alignment. 
c - The actual coding sequence of the reverse primers are shown, but read from the antisense 
strand in the 3 / to 5 / direction to enable reading of the amino acid sequence in the N to C-terminal 
direction and facilitate location in the amino acid sequence alignment of Appendix B. Inosine residues are 
shown a I. 
d - Amino acid sequence/s that were used in the design of the oligonucleotide are listed in the 
source column. All sequence/s were back translated using the codon frequency table of 206 plant genes by 
Murray et al. (1989). 
e - A mismatch was inadvertently incorporated into CAD oligonucleotide 11 at the 6th position. 
This was due to an error when ordering the synthesis of this oligonucleotide, a T should have also been 
included at thi site (ie at the second a.a. residue the codon should read: T/ A A G/C/T), this may account 
for the fact that this oligonucleotide did not amplify products of the predicted size when used with any of 
the forward primers. 
f - Aralia, Alfalfa, Poplar, N. t.19 & 14. 
g - E. gunnii cDNA and gDNA, E. Botryiodes gDNA. Polar, Aralia, Alfalfa, N.t.19 & 14. 
h - PineA & B , Spruce, E. gunnii cDNA and gDNA, E. Botryiodes gDNA, Polar, Aralia, 
Alfalfa, N.t. 19 & 14, Arabidopsis gDNA and PRL2 cDNA. 
i - Oligonucleotide with underlined restriction site shows the residues that do not fit the 
con en us sequence in lower case. 
As further equences became available they were added to the alignment and 
region of high conservation began to appear. These internal regions of sequence 
homology were used for the design of more primers. CAD oligonucleotides 7 .1 , 12 and 
13 included re triction sites built in to facilitate cloning. BamHI and EcoRI were chosen 
a they have cohesive end , cut reliably and are within the polylinker of the BlueScript 
cloning vector. The expected sizes of PCR fragments using the various combinations of 
internal primers could bee timated from the size of the aligned sequences. 
The et of forward and rever e primers comprising CAD oligonucleotides 12 & 
13, which included a BaniHI ite, proved ucce sful in amplifying a product of the 
expected ize and i di cussed in section 4.3.2.4 below. 
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Fir tly however, a critical factor to the success of the RT-PCR approach is the 
i olation of good quality polyadenylated mRNA, followed by synthesis of full-length 
first- trand cDNA for use as template in the PCR reactions with the degenerate 
oligonucleotide primers. 
4.3.2.2 Purification of total and polyA + - 1nRNA and synthesis of first-strand cDNA. 
RT-PCR technique requires first-strand cDNA as template for the amplification 
reactions. High quality total RNA was first purified and the poly A+ -mRNA fraction 
purified from this. To generate full-length cDNA, the RNA must be undegraded, and free 
of any contaminating genomic DNA. Total RNA was purified from both leaves and 
whole plants as per section 4.2.2.4. Figure 4.2 shows a denaturing agarose gel of total 
RNA from both tissue sources. It can be seen in both lanes that the majority of transcripts 
are intact as evidenced by the presence of clear undegraded 28S and 18S ribosomal 
doublet bands (Selden, 1990). The doublet effect is commonly seen when RNA is 
extracted from different plant sources, this phenomenon does not indicate poor quality, 
i.e. degraded RNA, however (Dr J. Whelan, pers. comm.). 
Poly A +-mRNA was subsequently purified and a range of full-length first-strand 
cDNA produced as per Sections 4.2.2.5 - 6 (see page 4.7). Figure 4.3 shows the results 
from a control reaction incorporating radiolabelled adenine ( a 32P-dATP) into the first-
trand cDNA synthesis reaction. The gel shows clearly the formation of transcripts in the 
approximate range of 500 to 8,000 bases with the majority being in the range 2,000 to 
1,500 bases in size, indicating successful production of high quality full-length cDNAs 
(Sambrook et al., 1989). 
4.3.2.3 PCR amplification and cloning of a cDNAfragment encoding CAD. 
All the CAD oligonucleotides were used in varying combinations in an attempt to 
amplify a equence encoding CAD from the pool of first-strand cDNA. The two primers 
de igned for probing the library (CAD oligonucleotides 1 and 2) and primers 3-5 were 
tried with the 3" universal reverse primer. Only CAD oligonucleotide 1 produced a 
product of ufficient size, given the minimum length-each primer was expected to 
amplify, when using either leaf or whole plant first-strand cDNA as template for it to be a 
po sible po itive. The region from which CAD oligonucleotide 6 was designed (a.a. 352-
360) i one with very high sequence conservation aero s all species. This internal reverse 
primer wa u ed in a ub equent PCR reaction as a nested control u ing the purified band 
produced by CAD oligonucleotide 1 a template. However, thi reaction did not produce 
the predicted product of approximately 1 kb, which indicated that the first band was 
probably not a CAD equence. Amplified product fron1 the PCR reaction utili ing the 
univer al rever e primer pre ented a number of problen1 in terms of identifying product 
likely to encode a CAD cDNA. Product produced with the universal rever e primer 
could not be identified exactly by ize becau e the amount of 3" untran lated region in the 
Molecular Cloning and equencing of CAD 
1 2 
28 S 
18 S 
Figure 4.2 Denaturing agarose gel of total RN A frotn whole plant and 
leaves only. 
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Total RNA wa extracted from both whole plants and leave then separated 
on a 1.2% agaro e formaldehyde denaturing gel. Approximately 2 µL of each 
ample wa loaded per lane and compri ed a total of 15 µg from whole 
plant and 32 µg from leave only. 18 Sand 28 S ribo omal band are clearly 
een. 
Lan 1 - Whole plant total RNA . Lane 2 - Leaf total RNA. 
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23.1 -+ 
9.4 -+ 
6.6 -+ 
4.4 -+ 
2.3 -+ 
2.0 -+ 
0.56 -+ 
4.20 
1 2 
Figure 4.3 Synthesis of first-strand cDNA from poly A+ -mRNA. 
A control reaction, in which [3 2PJ-radiolabelled dATP was incorporated into the 
ynthe i of fir - trand cDN A from poly A +-mRNA, was perforn1ed in parallel 
to that u ing non-radioactive nucleotide . Fir t-strand cDNA wa synthesised 
from both whole plant (Lane 1) and leaf (Lane 2) poly A +-mRNA. After 
ynthe i wa complete, the radiolabell d cDNA was separated on a 1.4o/i 
d naturing alkaline agaro e gel, the gel vacuu111 dried, and radioactive count 
collected n a Storage Pho phor ere n (M lecular Dynamic ® California). The 
above Pho phorlmage how ynthe i of a full range of fir t- trand cD A 
repre en ting the total population of poly A +-mRNAs . Labeled cDNAs range 
from approximately 400 to 000 bp with the majority clu tered around 1500 to 
2000 bp iz range. 
Lane 1; Wh le plant 1 t trand cD A. Lane 2; Leaf 1 t trand cD A. 
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mRNA wa unknown. The problem could not be olved by probing with a heterologous 
probe a none were available at the time. 
With the addition of sequences that were published later, variation at the N-
terminu of the protein became apparent and accounted for the lack of success with 
primers de igned using this region of the molecule. The lack of homology in this region 
between all the species for which data are available demonstrated the necessity for actual 
equence from the protein one is working with if attempting to obtain a full-length cDNA. 
Subsequent addition of newer sequences to the alignment refined the consensus 
equence. Regions of high homology were identified, resulting in the remainder of the 
CAD oligonucleotides being located further in from the N-terminus. These primers were 
tried in different combinations and a number of these pairs generated products upon 
amplification. Table 4.4 below shows the expected size of PCR amplification products 
with all possible combinations of internal primer pairs. 
Highly pure plant genomic DNA has been used successfully as template in PCR 
reactions (McPherson et al., 1991), therefore sub. clover genomic DNA free of 
contaminating protein was purified by RPC-5 ion exchange chromatography. Depending 
upon the location of the primers this method can produce gene fragments that contain 
intrans when present. Internal primer pairs that produced bands with cDNA were used in 
the reactions under the same cycling conditions, however, either non specific priming or 
no products resulted from all the primers tested. 
Table 4.4 Expecteda PCR product sizes from all possible combinations of internal CAD 
oligonucleotide primer pairs. 
Primer 6 10 11 13 
1 1049 926 1016 1047 
2 938 815 905 936 
3 1077 954 1044 1075 
4 1022 899 989 1020 
5 1058 935 1025 1056 
7.0 821 698 788 819 
7.1 830 707 797 828 
866 743 833 864 
9 896 773 863 894 
12 500 377 467 498 
Note: a - The expected ize are approximate as they are ba ed upon the nucleotide sequence alignment in 
Appendix A. The nucleotide alignment correspond to the optimal amino acid alignment in Appendix B, 
and thu include a number of introduced gap . 
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8.51 ---+ 
4.84 ---+ 
3.59 ---+ 
2.81 ---+ 
1.86 ---+ 
1.51 ---+ 
1.39 ---+ 
1.16 ---+ 
0.98 ---+ 
0.72 ---+ 
0.48 ---+ 
0.36 ---+ 
M 1 2 
CADcDNA 
fragment 
4.22 
Figure 4.4 PCR amplification and cloning of C-terminal cDNA fragment of ub . 
clover CAD. 
M = marker ; Lane 1, PCR pr duct produced using degene rate prin1e rs ; Lane 2 
cloned - terminal cDNA fragment encoding CAD cut from pTSCAD2. 
I· 
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A number of internal primer pairs produced products of a size calculated to be a 
CAD fragment ba ed upon the known sequence lengths when using fir t-strand cDNA as 
template. The primer pairs 8 and 10 produced a strong band of approximately 750 bp. 
Primer 9 and 13 produced a band of approximately 900 bp. Most other combination 
re ulted in either no product or products well below, or occasionally too large, to be 
candidate for cloning. The candidate bands from the reactions with pair 8/10 and 9/13 
were separated on LMP agarose gel and purified for both blunt-end and T-tail cloning. 
Different ratios of vector to insert were tried when cloning each fragment, however, 
neither of the techniques produced a clone containing the desired size fragment. Blunt end 
cloning is reputed to be a difficult technique, and recently the T-tailing method has been 
shown to be unreliable. Problems with T-tailing are due to inconsistencies between 
various forms of the Taq polymerase with regard to their ability to add a non template 
reside (typically thought to be an A) at the 3,, end of the amplified DNA fragment (Hu, 
1993). Also, the type of extra nucleotide when added is dependant upon the terminal 
re ide at the 3,, end of the DNA. 
Three primers were designed with 5,, restriction sites to facilitate cloning (CAD 
oligonucleotides 7 .1, 12 and 13) . In designing these primers the restriction sites were 
chosen to incorporate a degree of homology to the sequence from which they were 
designed (See Tables 4.2 & 4.3). Only the forward and reverse pair of CAD 
oligonucleotides 12 and 13 produced a product of predicted size. This reaction produced 
three clearly identifiable bands when separated on a 1.1 % agarose gel (see Figure 4.4.) of 
which the middle band of approximately 480 bp was in the expected size range. 
Incorporation of the BamHI site in the primers facilitated subsequent cloning into the 
BlueScript vector. 
4. 3 . 2 . 4 Construction of vector pTsCAD2. 
Products amplified using the CAD oligonucleotide primers 12 and 13 were cloned 
into the E. Coli plasmid vector (phagemid) BlueScript KS ( + ). The middle band (2) of 
the three products seen in Figure 4.4 was cloned into the Bam, HI site of the vector, the 
resulting construct wa named pTsCAD2. The plasmid is shown in Figure 4.5 and 
how the orientation of the in ert with respect to translation into the CAD peptide. 
4.3.2.5 Sequencing and analysis of cloned cDNA fragment encoding CAD from sub. 
clover. 
The in ert wa equenced in both directions three times to ensure accurate calling 
of all residue in the equence. The pT CAD2 in ert was translated in all three frames and 
the identity, tran lation frame and orientation were confirmed by homology to the other 
CAD equence in the data ba e ( ee Section 4.3.3 below). Figure 4.6 shows both the 
nucleotide and tran lated amino acid equence for the cDNA fragment encoding CAD 
from ub. clover in the plasmid pT CAD2, the primer region are not included. 
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Sspl 3334 
Xmnl 3129 
"' 
Seal 3010 __ 
\ \ _______ 
Sspl 19 
I 
pTsCAD2 
3445 bp 
4.24 
_./Nae! 330 
T7 promoter 625 
/ sacI 
'--... %zgr P'linker 
"'-BamHI 
- Hindlll 839 
------Ndel 1149 
BamHI 
EcoRI P'l . k H indlll in er 
Xhol 
Kpnl 
T3 promoter 1276 
Figure 4.5. Plasmid map of pTsCAD2 containing partial cDNA encoding CAD gene 
from sub. clover. 
5 ' - GTGAAAATAGCAMGGCATITGGTCACCATGTCACTGTGATAAGTTCTTCIGATAAGAAGAAGMAGAA 
V K I A K A F G H H V T V I S S S D K K K K E 
GCACTIGAGCATCTIGGAGCTGACAATTATCTTGTTAGCTCAGATACTGTIGGAATGCAAGAAGCTGCTGAT 
A L E H L G A D N Y L V S S D T V G M Q E A A D 
TCACTIGATTATATCATIGATACTGTTCCTGTTGGTCACCCTCTIGAGCCTTATCTTGCATTGCTCAMACT 
S L D Y I I D T V P V G H P L E P Y L A L L K T 
GATGGAAAATIGATCTIGATGGGTGTTATTAACACCCCTCTrCAATTTGTTACCCCTATGGTCATGCTIGGG 
D G K L I L M G V I N T P L Q F V T P M V M L G 
AGMAGTCAATTACTGGAAGCTITGTTGGGAGTGTGAAGGAGACAGAGGAGATGTTAGAGTITTGGAAAGAG 
R K S I T G S F V G S V K E T E E M L E F W K E 
AAGGGTCTAACCTCCATGATTGAAATTGTGACTATGGATTACATTAACACAGCTITTGAAAGATTGGAG -3' 
K G L T S M I E I V T M D Y I N T A F E R L E 
Figure 4.6. Nucleotide equence and tran lated peptide C-terminal cDNA encoding 
CAD from ub. clover. Primer region not included. 
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4.3.3 Sequence analysis of partial cDNA encoding CAD from sub. clover 
with other plant species. 
Table 4.5 li ts the percent identities for both peptide and nucleotide sequences for 
the range of overlap calculated via the program FastA. The sequence encoding cinnamyl 
alcohol dehydrogenase from alfalfa (Van Doorsselaere et al., 1995) was shown to have 
highest homology with the clover CAD cDNA fragment in pTsCAD2. A similarity score 
of 94.8% identity in 116 amino acid residue overlap and 95.8% identity in 427 base pair 
overlap was seen when compared to the alfalfa CAD sequence. There are only 6 amino 
acid (see Figure 4.7) and 18 nucleotide substitutions between the two sequences, which 
reflect their close phylogenetic relationship, as both are members of the legume family. 
Table 4.5 Nucleotide and amino acid sequence homology(% identity) of sub. clover 
CAD sequences of other plant species. 
Plant Species Nucleotide Amino Acid 
% identity overlap % identity overlap 
Alfalfa 95.8 427 95.8 142 
Arabidopsis (EL/3-1) 56.6 424 46.5 142 
Arabidopsis (EL/3-2) 56.8 433 48.2 141 
Arabidopsis - gDNA 73.3 419 78.7 141 
Aralia cordata 76.5 426 83.1 142 
Eucalyptus botryoides - gDNA 73.8 427 82.4 142 
Eucalyptus gunnii 73.8 427 82.4 142 
Eucalyptus gunnii - gDNA 73.5 427 81.7 142 
Par ley (EL/3) 60.2 427 52.5 141 
Poplar 78.5 427 84.5 142 
Norway spruce 66.3 419 71.6 141 
Pinu taeda A 66.9 426 70.4 142 
Pinu taeda B 67.1 426 70.4 142 
Stylosanthe 1 60.1 421 48.9 141 
Stylo anthes 3 58.8 420 46.1 141 
Tobacco (Ntcadl4) 79.8 426 85.9 142 
Tobacco (Ntcadl9) 80.0 426 85.2 142 
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The sequence with the lowe t homology at the amino acid level wa Stylosanthe 
3 with 46.1 % identity. Three group appeared in term of the level of identity at the 
amino acid level; those below 54 % comprising Stylosanthes 1 and 3, and all three EL/3 
equences; a second group with 70-72 % identity comprising all three conifers (Pine A/B 
and pruce); and a third group having over 80 % identity made up of the remaining 
equences. 
10 20 30 
Clover VKIAKAFGHHVTVISSSDKKKKEALEHLGA 
I I : I I I : I I I I I I I I I I I I I I I I I I I : I I I 
Alfalfa TVYSPLSHFGLKTPGLRGGILGLGGVGHMGVKVAKALGHHVTVISSSDKKKKEALEDLGA 
170 180 190 200 210 220 
40 50 60 70 80 90 
Clover DNYLVSSDTVGMQEAADSLDYIIDTVPVGHPLEPYLALLKTDGKLILMGVINTPLQFVTP 
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Figure 4.7. Alignment of the amino acid sequence encoded by the sub. clover cDNA 
fragment in pTsCAD2 to that of alfalfa CAD. 
A library of all the alcohol dehydrogenase sequences in the GeneBank was 
examined for homology to the sub. clover CAD fragment. The closest homology was 
een for an NADP-dependant dehydrogenase from Entamoeba histolytica (Kumar et al. , 
1992) which showed 20.7% identity in 58 amino acid overlap to the sub. clover CAD 
fragment. The full-length alfalfa CAD cDNA showed 21.6 % identity in 324 a.a. overlap. 
The data ba e was then carefully examined with the alfalfa sequence because the FastA 
program was unable to align the short clover fragn1ent to the appropriate region in most 
ca es even when the word size was set at 1, whereas obvious homology was found to a 
number of ADHs with the longer alfalfa sequence. The two most homologous sequences 
to alfalfa were from anaerobic bacteria. The facultative anaerobe Zymomonas mobilis 
gene for ADH (adhB) (Ke hav et al. , 1990) showed 26.2% identity in 324 a.a. overlap, 
and an NADP-dependent ADH from C. beijerinckii (unpubli hed, GenBank accession 
M84723) howed 19.6% identity in 321 a.a. overlap. 
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A Fa tA analy i with these three ADH sequences with mo t homology to the 
CAD equence data base wa al o done. This revealed that the homology seen between 
the CAD and ADH equences i due to the conservation of structural/functional elements 
aero the alcohol dehydrogena e family of enzymes this work is presented in Chapter 5. 
4. 3. 4 Analysis of CAD Gene Copy Number in Sub. Clover. 
Southeni blot of clover genoniic DNA and probing with CAD cDNAfragment. 
The nature of the CAD gene system in clover was examined in order to determine 
whether the gene was part of a multi gene family or existed as a single copy. Clover 
genomic DNA was digested with restriction enzymes and separated on an agarose gel 
then Southern blotted onto a nylon membrane for probing. Figure 4.8 shows the 0.9% 
agarose gel on which the digested genomic DNA was separated prior to blotting onto the 
membrane. A number of enzymes were examined to determine those that cut clover DNA 
most efficiently. The four-base recognising enzyme Dra I, and the two five-base 
recognising enzymes Bel I and Nsi I were chosen as they were the most consistent and 
thorough of the twenty or so enzymes tested. Figure 4.8 shows that the genomic DNA 
has been digested to completion as there is no uncut material at the top of the lanes. Also, 
little or no degradation of the DNA has occurred and this is evidenced by the prominent 
bands or "laddering" in each lane. 
Figure 4.9 shows the membrane onto which the gel in Figure 4.8 was blotted 
then probed with radio labelled DNA encoding the CAD clover gene fragment from 
pTsCAD2. A single strongly hybridising band can be seen in each lane. Each lane also 
po ses a single moderately-hybridising band and one very feint band. A restriction map 
of the clover CAD fragment showed that there were no restriction sites corresponding to 
the three enzymes used to generate the genomic blot in Figure 4.9. Therefore, the 
multiple bands suggest the possibility of closely-related sequences or a CAD multigene 
family compri ing different classes of the enzyme, and can account for the presence of 
multiple isoenzyme of CAD in sub. clover. This interpretation of the data, however, 
will require further analy is of genomic DNA for confirmation. To address the question 
of multiple i oforms of CAD, a structural and functional analysis of all the CAD 
equence revealed important differences between three groups related by homology at 
the nucleotide and amino acid sequence level . The results of this work also is presented 
in Chapter 5. 
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Figure 4.8. Agaro e gel electrophoresis of restriction enzyn1e dige t 
of sub clover genomic DNA. 
Sub. clover genon1ic DNA (24µg) was digested to completion using three 
different re triction enzymes. The re tricted DNA was then separated on a 0.9% 
agaro e gel in TBE buffer. Lanes 1 and 5 are phage 'A DNA (re tricted HindIII ). 
Lane 2-4 are ub. clover genomic DNA digested with the following enzymes: 
Lane 2 Dral; Lane 3; Be/I ; lane 4, Nsil. 
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Figure 4.9. Southern blot of clover genomic DNA, probed with [32PJ-
radiolabelled CAD cDNA fragment. 
The gel in Figure 4.8 wa blotted onto a nylon membrane (Hybond™N+) and probed 
with 25 ng of [32P]-radiolabelled CAD cDNA fragment. The cDNA fragment was 
an1plified from pT CAD2 u ing CAD oligonucleotides 12 and 13. The resulting ingle 
PCR product con isting of the ub. clover cDNA fragment wa purified by ethanol 
precipitati n then labelled by random priming. Approximately 2-3 ng of radiolabelled 
phage A DNA (re tricted with HindIII) marker wa included in the hybridi ation. 
Lane 1 and 5 are phage A DNA. Lane 2-4 are ub. clover genomic DNA digested 
with the following enzyme : Lane 2, D ral; Lane 3, Bell ; Lane 4 N il. 
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4.4 SUMMARY 
The absence of N-terminal and internal peptide sequence for clover CAD 
required the design of oligonucleotide primers from available peptide sequence/s. CAD 
oligonucleotides 1 and 2 were used to probe a genomic DNA library of sub. clover with 
out uccess. Further oligonucleotides were designed for use as PCR primers. First-
trand cDNA was made from whole plant PolyA+-mRNA, this cDNA was used as 
template in PCR to amplify a CAD sequence. 
The pair of internal forward and reverse primers CAD oligonucleotides 12 and 
13 amplified a 427 bp cDNA fragment of the correct size based upon known CAD 
sequences. The fragment was cloned into a BlueScript vector to make pTsCAD2 which 
wa subsequently sequenced. This revealed a C-terminal cDNA fragment approximately 
40% of the full-length of the alfalfa CAD sequence. The fragment showed extremely 
high sequence homology to the alfalfa sequence and CAD from a number of other plant 
pecies at both the amino acid and nucleotide levels. 
At the peptide level the sequence showed highest identity to alfalfa CAD, 95.8% 
in 142 a.a overlap. The lowest identity was to Stylosanthes 3 CAD which showed a 
46.1 % identity in 141 a.a. overlap. At the DNA level the highest identity was 95.8% in 
427 bp overlap to alfalfa CAD, and the lowest was 56.6% in 424 bp overlap to 
Arabidopsis (ELI3-1). 
The sub. clover DNA fragment encoding CAD was used to probe a Southern 
blot of sub. clover genomic DNA. Stringent washing revealed a strongly hybridising 
band and two other band of lower intensity. This result indicates the possible presence 
in sub. clover of either a multigene family or different classes of the CAD enzyme in 
ub. clover. The successful isolation of the first CAD sequence from sub. clover will 
enable the isolation of genomic sequences and characterisation of the gene/s in sub. 
clover. 
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CHAPTER 5 
CAD SEQUENCE ANALYSIS 
5 . 1 INTRODUCTION 
There are currently 18, either CAD or 'CAD like', sequences available in the 
GenBank and EMBL data bases. However, only the cDNA's from loblolly pine (see 
Table 1.2 for accession numbers), tobacco (Knight et al., 1992), Aralia (Hibino et al., 
1993b) and spruce (Galliano et al., 1993) have been isolated using peptide ~equence 
information obtained from the N-terminus and/or internal fragments of the purified CAD 
protein. The important point to note is that all these sequences are CAD2 type enzymes, 
and since the Aralia - and in particular tobacco - cDNAs have been used as heterologous 
probes to isolate a number of other genes, it is likely that most of these are also CAD2 
type sequences. The tobacco sequence was used as a heterologous probe to isolate both 
poplar, alfalfa (Van Doorsselaere et al., 1995) and the Eucalyptus gunnii cDNA (Grima-
Pettenati et al., 1993). The Eucalyptus.botryoides sequence was isolated with the Aralia 
cDNA. The alfalfa clones pl 178 and pl 180 were both isolated using degenerate 
oligonucleotides designed from the tobacco sequence, and the Stylosanthes clones lA 
and 3 were isolated using the alfalfa pl 178 cDNA clone as a probe (Dr. J. Watson pers. 
comm.). The remaining sequences were found by homology searches of the GenBank 
and EMBL sequence data bases using the other sequences as probes. 
In terms of CAD enzyme activities most species examined so far have only one 
isoenzyme, however a few posses multiple isoforms, and both monomeric and dimeric 
form exist (see Chapter 1, Section 1.7.3 and Table 1. 1). There appear to be two groups 
ba ed upon structure: the monomeric CAD 1 type enzymes; and the dimeric CAD2 
enzymes. However, differences exist between members of these groups in terms of 
ub trate pecificity and subunit size, and a common feature of the CADl 's - for which 
ub trate specificitie and kinetic data are available - i their high Km' s for the aldehyde , 
and in particular the alcohol, substrates. Not all i oforms have been purified, 
characterized and sequenced, since in most plants the minor form represents a very small 
fraction of the total activity, and even the major form has presented difficulty in some 
ca e when attempting to obtain sufficient material necessary for protein sequencing and 
ub equent molecular work. Therefore the question regarding the exact nature and 
function of the minor isoform remain to be an wered. 
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All available CAD and 'CAD-like' equence were analy ed for phylogenetic 
relation hips and tructural feature common to the general cla s of NAD/NADPH 
dependant dehydrogenases, of which CAD i a member. The equences were fir t 
aligned then subject to phylogenetic analysis, which revealed a number of primary (i.e. 
equence) relationships between them. The alignment of amino acid sequences revealed 
regions of high homology. Subsequent comparison of secondary and tertiary structural 
elements common to the NAD/NADP dependant dehydrogena es revealed all the CAD, 
and 'CAD-like', sequences examined showed conservation of key structural residues of 
the NADPH dehydrogenases. 
5.2 MATERIALS and METHODS 
Sequences including source and accession numbers used in this analysis are listed 
in Chapter 1, Table 1.2. The alignments of both the nucleotide and corresponding amino 
acid equences are found in Appendices A and B respectively. 
5.2.1 Sequence Comparisons 
Pairwise sequence identities (% ), which are a measure of the overall similarity or 
homology between two sequences, were calculated using the FastA program of Pearson 
and Lipman (1988) running in GCG (Devereux et al., 1984) on a VAX mainframe 
computer. All the full-length CAD amino acid sequences in Appendix B were used as 
probe to earch the GenBank and EMBL databases. The three sequences with highe t 
homology to CAD were: ZADH - Z. mobilis NAD-dependant adhA gene, accession 
number M32100 (Keshav et al., 1990). EADH - E. histolytica NADP-dependant ADHl 
gene, acce ion number M88600 (Kumar et al., 1992). CADH - C. beijerinckii NADP-
dependant ADH, acces ion number M84723 (unpubli hed). These three sequences were 
u ed a probes to earch the CAD amino acid library of full length and partial sequences 
to determine the pairwise levels of homology('% Identities'). 
5.2.2 Sequence Alignments 
Amino acid and nucleotide equences were initially aligned in GCG u ing the 
utility program Pile Up (Deveraux et al., 1984 ). The program utili e the algorithm of 
Wilbur and Lipman (1983) of pairwi e alignment to generate a imilarity core, and 
clu tering of more clo ely related equence in an iterative process generate the multiple 
quence alignment. A dendrogram i made u ing the imilarity score in the unweighted 
pair group method via arithmetic average of Sneath & Sokal (1973). 
CAD Sequence Analysis 5 .3 
The initial amino acid alignment wa used to fit the corresponding nucleotide 
equence in CL UST AL W (Higgin et al., 1992; Thompson, et al., 1994) running in 
GCG. The N and C-termini were then manually aligned using the sequence editor of 
GDE (graphic data environment - Smith, 1992) and the necessary gaps added to the 
amino acid sequence alignment for optimal homology, the nucleotide alignment wa 
adju ted accordingly. to ensure the best fit of amino acid sequences . The alignment files 
were aved for analy is in PAUP (Phylogenetic Analysis using Parsimony - Swofford, 
1993) and MacClade (Maddison & Maddison, 1992). The nucleotide sequence alignment 
wa translated into amino acid codons using MacClade and checked for errors with the 
manual alignment made in GDE. The Serine codons were distinguished by their two 
po ible character states, labelled 1 (TC\A \T\G\C) and 2 (AG\C\T), prior to analysis 
u ing MacClade. The final nucleotide and peptide sequence alignments are found in 
Appendices A and B respectively. 
5.2.3 Phylogeny Inference 
5. 2. 3 . 1 Maximum Parsimony 
PAUP version 3.1.1 (Swofford, 1993) was used to infer phylogenetic 
relation hips and generate gene trees from the final nucleotide and amino acid sequence 
alignments generated above. A heuristic search strategy was used due to the large size of 
the data set - 20 sequences. Initial random bootstrap trees were constructed by stepwise 
addition. Branch swapping was done using the tree bisection-reconnection algorithm. 
Bootstrap replicates were performed on individual trees. 
Amino Acid difference trees used the PR OTP ARS substitution matrix of weighted 
character tates of Felsenstein (1993), the step matrix is found in Appendix C. Trees 
were calculated unrooted and pinus A, B and spruce were assigned as the out-group. 
Gap were counted as missing data in the analysis. 
5 . 2. 3 . 2 Average Distance 
The UPGMA (unweighted pair group method using arithmetic averages) method 
(Sneath & Sokal, 1973) was u ed to calculate a dendrogram of sequence phylogeny from 
the pairwi e imilarity score generated by Pile Up (Deveraux et al., 1984). 
5. 2 . 4 Structure and Function Analysis of CAD Sequences 
The location of key con erved re idue in the primary tructure alignment of 
orbital dehydrogena e (SDH) and a number of ADH' from different ource (Jornvall 
et al., 1987) wa u ed a a guide in determining the location of con erved residues in the 
I. 
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amino acid alignment of CAD equences. The 'Rossmann fold' or NADP co-factor 
binding domain was determined using the template sequence of Wierenga et al., (1983). 
Protein secondary structure predictions based upon the primary sequence were 
made using the program PeptideStructure and PlotStructure (Jameson & Wolf, 1988) 
running in GCG. The structural features of each sequence in terms of antigenic index and 
urface probability along its length were analysed from plots of 1-dimensional panel 
graphs. 
Predicted structurally conserved regions (SCRs) in the co-factor (NADP) binding 
domain of Eucalyptus CAD2 (Mckie et. al., 1993) and LADH (Eklund et al., 1976) were 
used as an aid to the overall consensus assignment and in the design of the CAD specific 
template. The crystal structure of both LADH (Eklund et al., 1976) and the model for 
Eucalyptus CAD2 (Mckie et. al., 1993) were used to assist in determining the key 
functional and structural residues conserved in the aligned CADs. 
5.3 RESULTS and DISCUSSION 
5. 3 .1 Phylogenetic Analysis of CAD Nucleotide and Amino Acid 
Sequences 
Both the aligned nucleotide and amino acid sequences were examined for 
phylogenetic relatedness using maximum parsimony. The branching pattern in the 
resulting trees were interpreted as clustering into three groups. Group A comprised the 
conifer sequences pinusA, pinusB and Spruce. Group C comprised both the Arabidopsis 
EL/3-1 and 2, parsley EL/3, Stylol, Stylo3 and pl 178 (from Alfalfa) sequences. Group 
B was made up of the remaining sequences (see Figures 5.1 and 5.2). 
Figure 5 .1 shows the most parsimonious tree generated from the nucleotide data 
The sequences separated into three groups. Group A comprises the conifers pine and 
spruce. Group B the angiosperms Eucalyptus, Tobacco, Poplar, Aralia, alfalfa-p 1180, 
sub. clover plus the Arabidopsis genomic and Prl2 sequences. Group C contains 
Stylosanthes 1&3, alfalfa-pl 178 and the ELI3 sequences of Arabidopsis (1&2) and 
Parsley. 
The Group A sequences comprise the conifers, and this probably reflects their 
close phylogenetic relationship, with a closer association seen between the two pine 
equence . Group B sequence comprise all of the known CAD2 type sequences from 
Dicots. This Group also comprises all the sequences isolated using the tobacco - CAD2 
type enzyme - cDNA sequence as a heterologou probe apart from Aralia. Within Group 
B cluster of related sequence can be seen as smaller branches off the main node: clover, 
alfalfa and pl 180; E. gunnii cDNAJgDNA, and E. botryoides; and the two tobacco 
cDNA. 
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Figure 5.1 Bootstrap parsimony tree of all CAD nucleotide sequences. 
C 
Values of significant nodes (Bootstrap values > 50%) are shown. The tree was found 
utilising a heuristic search method of stepwise addition with a tree bisection reconnection 
(TBR) algorithm. Addition of sequences was random and 10 replicates performed each 
round. A total of 100 bootstrap replicates were performed. 
The amino acid equences in Figure 5.2 show the same overall pattern of three 
groups. Less information is available from amino acid substitutions due to the smaller 
ize of the data set (381 a.a. residues as opposed to 1146 nucleotides) resulting in lower 
boot trap value for significant node . The group C sequences appear to contain more 
information at the amino acid level however due to the separation of parsley and Stylo3 
into eparate branche . 
The group C equences are not as closely related within the group than either A or 
B, a evidenced by the number of the ignificant nodes and values at each branch. 
Although it i not known if the Group C gene products are actual CADs, the homology to 
Group A and B, and important molecular data for the EL/3 cDNAs, support the 
inclusion of Group C into the phylogeny as related group of enzymes or possibly a 
different cla of CAD enzymes. 
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Figure 5.2 Bootstrap parsimony tree of all CAD amino acid sequences. 
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C 
Value of significant nodes (Bootstrap values > 50%) are shown. The tree was found 
utili ing a heuri tic search method of step wise addition with a tree bisection reconnection 
(TBR) algorithm. Addition of sequences was random and 10 replicates were performed 
each round. A total of 50 bootstrap replicates were performed. 
The equence of group C include a characterized pfant defence gene isolated from 
par ley (Somssich et al., 1989) and Arabidopsis (Kiederow ki et al. 1992; Trezzini et al., 
1992), the EL/3 gene. This gene i strictly dependant on the plant R-gene locus RPMJ 
(Debener et al. 1991) as it was shown to co- egregate with the RPMl locus. Dangl and 
co-worker (1992) howed that the level of EL/3 mRNA wa low in control leaves yet 
rapidly accumulated to high level when leave were infiltrated with the phytopathogen 
P e udomonas. The gene i induced in parallel to the appearance of the re i tant 
phenotype in the plant, and non re i tant plant how a delayed re pon e in EL/3 gene 
activation. The predicted apparent molecular weight of the two Arabidop i genes are 
44.5 kDa and 45 kDa (Som ich et al., 1989), and the par ley product wa shown to be 
43 kDa by SDS-PAGE of the in vitro tran lation product of EL/3 mRNA from parsley 
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culture cell (Som sich et al., 1989). The size of the protein and high level of sequence 
homology to other CADs (range of pairwise% 'Identities' for protein sequences: Group 
A, 51-52%; Group B 46-51 %; Group C, 58-85%) supports the EL/3 gene product being 
at least an NAD/NADP dependant dehydrogenase and possibly even a CAD as well. If 
this i the actual ca e for the group C sequences they would represent the first cloned 
inducible disease resistance or 'wound inducible' CAD genes. However since the 
products of these genes have not been characterized, a detailed biochemical analysis of 
the expres ed proteins for activity with all three precursor monolignol alcohols will be 
necessary as proof for this hypothesis. Also, to estabilsh if they are specific or general 
long chain ADHs, other alcohol substrates should also be examined for substrate affinity. 
5.3.2 Homology of Bean CADl Peptide Fragments to Other CADs. 
Five internal peptide fragments from a tryptic digest of bean CADl were 
equenced by Grima-Pettenati and co-workers (1994 ). It was of interest to see if these 
fragments had homology to a particular sequence or group of sequences, therefore, the 
fragments were examined for homology to all the available CAD protein sequences using 
the FastA program. Only one fragment (peptide 2 - NDIVGPVVEIFQVR) showed 
consistent homology in its first 10 residues (30-50% 'identity' in 8 to 10 residues 
overlap) to the region in the amino acid sequence alignment covering residues 74-83. 
This region is reasonably well conserved across all sequences (see Appendix B). Since 
no clear homology was seen with the other four bean peptide fragments, it indicates that 
significant differences may exist between the amino acid sequences of the monomeric 
bean CADl and other CAD2 dimeric enzymes. This result also appears to rule out the 
group C sequences as being CADl type enzymes. Further peptide data from other CADl 
type enzymes will be needed to establish if the CAD 1 enzymes represent a new or 
eparate class of sequences. 
Primary equence differences , that result in alterations to secondary structure and 
tertiary conformation, account for most of the variation seen in physical and chemical 
propertie of related classes or families of enzymes (Branden & Tooze, 1991). The 
variation een in the different CAD isozymes, in terms of their Km's and substrate 
pecificitie for alcohols and aldehydes, may be explained by comparison of CAD 
primary sequences to dehydrogenase sequences for which the location of key residues in 
econdary and tertiary structural domains have been identified. 
5.3.3 Identification of Key Structural and Functional Elements 
The amino acid sequence alignments of CAD to LADH and the Eucalyptus 
EuCAD2 protein equence (Mckie et al., 1993) revealed high con ervation of many key 
residue involved in the tructure and function of alcohol dehydrogena e enzymes. These 
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element included: the two zinc binding domains; the NADP co-factor binding domain, or 
Ros mann Fold; and the active/catalytic site residues. 
5.3.3.1 NADP Dependant Dehydrogenases and the "Rossmann Fold " 
An important structure found in nucleotide binding enzymes is the Rossmann fold 
which comprises a series of interconnected a-helices and P-sheets that form a nucleotide 
binding domain (Rossmann et al., 1974; Wierenga et al., 1986: Kotter et. al., 1990). The 
Ros mann fold has a motif found at the start of the structure comprising the glycine rich 
sequence template 'GXGXXG'. This motif was found in all of the sequences examined 
and tarts at G196 (see Figure 5.3). It is a highly conserved valine (V) in all the CADs 
(GLGGVG) except the Group C sequences, which containing a single substitution, 
leucine L200 (GLGGLG). The location of the Rossmann fold a-helices and P-sheets in 
this region are_ also indicated below the consensus sequence. Interestingly, the 
'GXGXXG' template was the region used to design the forward primer CADoligo 12 
which was successful in amplifying the sub. clover cDNA fragment. The reverse primer 
CADoligo 13 was designed to a region of high homology only found amongst CAD2 
type sequences. 
All the CAD sequences, for which data in the range examined were available, 
showed they were NADP dependant dehydrogenases. The residue at position 220 in the 
CADs is conserved as a small polar but uncharged S (serine) or T (tyrosine) residue. In 
the NAD dependant enzymes it is invariably an aspartic (D) or glutamic (E) acid residue, 
and the N AD molecule binds to the protein by forming hydrogen bonds between the 2 / -
OH of its adenosine ribose and the conserved D or E residue. If these residues were 
present at this location in an NADP type dehydrogenase, binding would be prevented by 
charge repulsion or steric hindrance of the phosphate group present at 2 / -OH position of 
the N ADP molecule and the negative charge of the D or E residue (Wierenga et al., 1983; 
McKie et al., 1993). Thus the small uncharged side chains on T220 or S220 of the CADs 
enable the pho phate group to be accommodated, and the strictly conserved positively 
charged K224 (lysine) located at the beginning of alpha helix 2 (a2) is in a position to 
interact via charge stabilization with the negative phosphate group of the NADP molecule. 
5.3.3.2 Zinc Binding Domains 
There are two zinc binding domains in alcohol dehydrogenases. One is involved 
in the catalytic function and the other is a part of a lobe involved in structural tability 
(Branden et. al., 1975). The three residue associated with the binding of the catalytic 
zinc atom are trictly con erved in all CAD at C52 (cysteine), H74 (hi tidine) and Cl 70. 
The tetrahedral co-ordination is completed by either H20 or an hydroxy 1 ion depending 
upon the pH. The residues involved in forming the structural Zinc lobe also show 
complete conservation aero all equence at C105, C109, Cl 12 and C120 (see Figure 
5.4). The region de cribing this lobe for CAD can be defined as CX2_3CX2CX4EX2C. 
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Figure 5.3 Secondary structural template of conserved residues in NADP binding 
domain of CAD. Consensus lists amino acid residues strictly conserved across all CAD 
equences. The NADP binding domain is shown below the consensus sequence and has 
the following template in CAD GXGX2GX3 2 7 4K. 
h - hydrophobic residues, * - strictly conserved glycine residues, + - positively charged 
Lysine residue that can form H bonds with phosphate attached to 2' -OH of adenosine 
ribose, ~ - Small uncharged residue provides space for phosphate group to fit. Secondary 
tructures: b - beta sheet, a - alpha helix, L - loop region. 
I· 
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Figure 5.4 Secondary structural template of conserved residues involved in the 
tructural Zn lobe and substrate specificity/active site of CAD. Consensus lists residues 
strictly conserved across all CAD sequences. / - gap in sequence due to insertion of F in 
Arabidopsis PRL2. 
1) The Zn lobe has the following template in CAD pXC/X2CX2CX4Ep~CXK. 
h - hydrophobic residues, p - polar uncharged residues, a - positively charged (acidic) 
residue, n - negatively charged (basic) residue, - strictly conserved cysteine residues, 
~ - potential H bond forming Tyrosine Y residue with p-hydroxy group of the substrate 
molecule, in Parsley EL/3 is an Asparagine N. 
2) A section of the above sequence comprises some catalytic site residues but 
important variations exist between groups A, B and C. Position 123 is strictly conserved 
as a ba ic K or R residue in groups A and B, however, group C sequences have an 
uncharged residue at this position (H, P , Q, S or M). Residues with R' groups 
consisting of planar ring at position 125 F and W , marked by Q in the consensus 
equence, are thought to be involved in formation of a large pocket capable of 
accommodating the phenol ring of CAD substrate , with the exception of the three EL/3 
cDNA and Stylo3 which have either Leucine L or Glutamine Q. Position 124 is 
conserved hydrophobic across all group , V or I. At positions 126 and 127 polar 
re idue remain conserved acros all group . 
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5.3.3.3 Catalytic site 
The catalytic site of Eucalyptus CAD was modelled against LADH by Mckie et. 
al. ( 1993), and they identified a number of key residues involved in the substrate 
pecificity of CAD. A number of key substitutions present in the EuCAD2 protein created 
a larger active ite 'pocket' capable of accepting the large phenolic ring of cinnamyl 
ubstrate . Placement of sinapyl alcohol into the catalytic site (see Figures 5.4 and 5.5) 
showed a number of important features that differed from LADH: the two hydrophobic 
residues W125 and F308, which are seen in the group A and B sequences, form a 
parallel planar structure in which the phenolic ring of the substrate lies sandwiched 
between; the space created is expected to preclude the substrate binding of non-planar 
rings and alcohols with bulky constituents; the phenolic OH group of the substrate can 
form hydrogen bonds with residue Yl 19 (tyrosine) found in all the CAD sequences 
(Nl 19 in parsley) and an amide bond oxygen in the peptide backbone, whereas in LADH 
this cannot occur due to a F (phenylalanine) residue. All groups show hydrophobic 
re idues at positions 100, 101 and 309. These residues are involved in forming the 
hydrophobic substrate pocket, although at position 100 they are all small hydrophobic or 
polar amino acids. 
Most of the group C sequences however have different residues at both these 
positions, 125 (L or Q) and 308 (M, N or L). All of the above substitutions seen in 
Group C involve replacement of planar residues with hydrophobic or polar residues. The 
two exceptions being pl 178 and Stylosanthes 1, they have a single planar phenylalanine 
(F) at position 125. This raises the question as to the actual function, in terms of substrate 
specificity, of the enzymes coded by the group C sequences as Mckie and co-workers 
(1993) noted that these residues played a fundamental role in the substrate specificity of 
the model. 
Antigenicity Index (Al) and the CAD catalytic site 
The antigenicity index of Jameson & Wolf (1988) is a useful tool for the 
prediction of topological features of a protein using only the primary amino acid 
equence. The algorithm generate a graphical output that is a linear surface contour 
profile of the protein. It can be used to predict those regions that are likely to be antigenic 
or surface expo ed regions. The antigenic index (AI) of each protein sequence was 
calculated and plotted. Figure 5 .6 show the plots of the antigenic indices of all Group A 
and B equence overlayed, with the individual curve of each Group C member below. 
An important difference wa noted in AI of the region covering residue 100 to 135 
between Group C and Group A and B. Thi region covers the sub trate binding domain 
and contain ome of the key re idues involved in sub trate specificity as discussed 
above ( ee al o Figure 5.4). The group C sequence all show a decrease in antigenic 
index in the middle of thi region, which contains the catalytic ite residues and substrate 
binding domain. 
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C170 
F308 
[M, Nor L] 
C, I, V, T, L 
or YlOO 
Figure 5.5 Substrate binding domain of CAD. 
5.12 
Figure adapted from the Eucalyptus CAD2 model developed by Mckie and co-workers 
(1993) using the LADH (Eklund et al., 1976) structural coordinates. Residues which are 
either con erved in all group A and B sequences, or · variant in all sequences, are 
indicated beside the amino acid letter code. Residues variant in Group C only are shown 
in quare bracket . A Sinapyl alcohol (red) molecule is shown lying parallel between 
tryptophane (W125) and phenylalanine (F308) residues. The phenolic -OH group of the 
alcohol sub trate can be seen forming hydrogen bonds (red) with the -OH group of 
tyrosine (Yl 19) and the backbone carbonyl of residue 125. The pyridinium ring (blue) of 
the NADP c -factor can be een above the labile C-H in the propan id side chain of the 
ub trate. Th hi tidine (H74) and cysteine (Cl 70) re idue involved in binding of the 
catalytic zinc at m (green) ar also seen below the sub trate reactive bond. 
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A & B Group Sequences 
1.7 
A.I. 
-1.7 
Arabidopsis EL/3- l 
1.7 t 
A.I. 
-l.7 
Arabidopsis EL/3-2 
1.7 
+ A.I. 
-1.7 
1.7 
A.I. 
-1.7 
1.7 
A.I. 
-1.7 
Stylo-1 
1.7 
A.I. 
-1.7 Stylo-3 
1.7 
A.I. 
-1.7 
Figure 5.6. Antigenicity index (A.I.) of Group A-Camino acid sequences. 
Re idue implicated in the formation of the sub trate binding domain of Group A-C 
amino acid equence from residues 100-135. Group C sequence A.I. shown 
individually below overlay of all group A and B sequences. Arrows indicate ignificantly 
lower A.I. in the region of substrate binding ( ee also Figure 5.4). 
CAD Sequence Analysis 5 . 14 
In the ab ence of tertiary ( crystal) structures for the product of the Group C 
equences, the que tion of ubstrate specificity in structural/functional terms can be 
examined by tructural modelling to known proteins. Work was begun on the modelling 
of group C sequences using the LADH structure and sequence alignment of EuCAD2 
protein, however time constraints have prevented completion of this work 
Although it i peculative at this stage, there is some evidence to support the 
cla sification of Group C sequences at least as NADP dependant dehydrogenases if not 
a CADs. Firstly, the level of sequence homology is much higher between all members 
of group C and the other two groups (lowest homology >47% 'Identity') than for the 
three most homologous sequences found in the GenBank and EMBL data bases: EADH 
(highe t homology <22% 'Identity'); ZADH (highest homology <29% 'Identity'), and 
CADH (highest homology <25% 'Identity'). Secondly, the key residue Yl 19 (or Nin 
the case of parsley) involved in H-bond formation with the p-hydroxy group of cinnamyl 
ubstrates is conserved in all the sequences of groups A, B and C. Thirdly, the residues 
determining NADP specificity are also conserved in all sequences. 
5.4 SUMMARY 
Analysi of all the nucleotide and peptide sequences using maximum parsimony 
eparated them into three groups; A, B and C. Group A comprised the conifers, spruce 
and the two pine sequences. Group C was made up of sequences with high homology to 
the plant defence gene EL/3 isolated from parsley and Arabidopsis. Group B comprised 
the remainder. All Group A, B and C sequences had higher homology across the three 
group than was seen between any of the NAD and NADP dependant dehydrogenases 
examined. 
Amino acid sequences were analysed for SCR' s and functional domains common 
to the NAD/NADP type dehydrogenases. All three groups were shown to have residues 
in their primary sequence conserved at locations consistent with them being NADP 
dependant dehydrogenases including the two zinc atoms·, one being structural and the 
other involved in the catalytic function of the enzyme. Since many key structural features 
were con erved in the Group C equences, this uggests that the inclu ion of the Group 
C at least a NAD and NADP dependant dehydrogenases is probably valid. 
A earch for homology with the only sequence data available for a CADl type 
enzyme from bean - five peptide fragments - revealed little homology, indicating that the 
monomeric CAD 1 type enzymes may be significantly different in amino acid sequence 
compared to the protein equence examined in thi study. 
Analysi of the catalytic domain howed conservation of key re idue implicated 
in the ub trate pecificity of the enzyme. All group A and B equences had residues at 
locations in the ub trate binding region of the EuCAD2 model structure implicated in 
CAD Sequence Analy is S . 15 
pecificity for inapyl alcohol. The e residue create a slot into which the planar 
ub trate can fit. All equence had a ingle con erved re idue capable of tabili ing the 
ub trate in the reaction ite by H bonding with the phenolic OH group. However, the 
majority of group C sequence did not pos es the e planar residues, which uggests they 
may have different ubstrate specificities to the proteins encoded by other two Groups. 
The Group C sequence may be amenable to biochemical characterization u ing an 
expre ion y tern imilar to that used for EuCAD2, and testing a range of alcohol 
ub trate - including the lignin precursors - may show them to be class of wound 
inducible (i.e. defence response) CAD enyzmes or as yet unidentified ADHs with novel 
ub trate pecificities. In this regard, structural modelling may offer an alternative 
approach to examining substrate specificity. 
The amino acid sequence of the sub. clover cDNA fragment (although 
incomplete) , showed a very high homology to alfalfa and the other Group A and B 
equence and conserved structures of the NAD/NADP dependant ADH's, indicating it is 
al o likely to be a CAD2 type enzyme. However, it appears from the high level of 
homology een between the sub. clover CAD cDNA fragment and the Group B 
equence comprising the CAD2 type enzymes, that the sub. clover cDNA may represent 
one of the minor isoforms and not the major CAD isoform, CAD 1. 
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CHAPTER 6 
GENERAL DISCUSSION AND SUMMARY. 
The data presented in this thesis represents the first information obtained from 
subterranean clover related to the biochemistry, molecular biology and structure of lignin. 
Both the chemical composition of lignin and the lignin synthetic pathway enzyn1e 
cinnamy 1 alcohol dehydrogenase have been examined in detail for the first time. The 
enzymology has been established and the major isoform, CAD 1, partially purified and 
characterised. At the molecular level a cDNA fragment encoding CAD was isolated, 
cloned and characterised. 
Examination of the enzymology of CAD in sub. clover revealed the presence up to 
seven different CAD activities showing varying tissue expression. This makes sub. 
clover one of the few species studied to date having a high level enzyme polymorphism 
for CAD. The major sub. clover CAD isoform was shown to be similar to the CADl type 
enzymes found in other species in respect of its enzymatic properties or substrate 
kinetics. However, it differs from them in structural terms, in that it is the only dimeric 
species observed to date and may also be polymorphic. 
Analysis of the chemical composition of lignin by mass spectroscopy produced the 
first ' MS fingerprints' of sub. clover lignin, and revealed that all three monolignols (H, 
G and S units) are present in cell walls of sub. clover, even though high levels of 
contaminating carbohydrates and protein were also present. These results were confirmed 
by Fourier transform-infrared spectroscopy. 
The presence of a relative majority of guaiacyl (G) units was in accordance with the 
activity of the major CAD isoform, CADl, which is specific for coniferyl but not sinapyl 
alcohol. However, the presence of sinapyl units in the lignin polymer indicates that an 
enzyme capable of processing this substrate must be present, and one of the minor 
isoforms is a clear candidate in this respect. With the availability of p-coumaryl alcohol 
(H) future work should examine enzyme specificity/kinetics for this substrate as also. 
An important qualitative difference in the relative amounts of each monolignol in 
roots compared to whole plants was seen. This has important implications in terms of 
regulating the synthesis of individual monomers to produce lignin of varying 
compositions in different parts of the plant. Although there is currently no consensus as 
to which enzyme/s in the monolignol synthetic pathway are involved in regulating the 
actual formation of the individual monomers, it is clear that altering the expression of 
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CAD - viz antisense CAD in tobacco (Halpin et. al., 1994) - changes the quality although 
not the quantity of lignin produced. This result indicated that CAD may not be a rate 
limiting tep in monolignol ynthesis, however, it is clearly involved in a qualitative 
en e. 
A cDNA fragment encoding a CAD gene product from sub. clover was 
ucce fully i olated and cloned, creating the first vector construct containing a sub. 
clover CAD gene, pTsCAD2. The identity of the cDNA was confirmed by sequencing, 
and the primary sequence revealed a high homology to other CAD sequences. 
Examination of the translation product showed conserved amino acid residues and 
econdary/tertiary functional elements consistent with it being a member of the class of 
NADP dependant dehydrogenases. Analysis of sub. clover genomic DNA by Southern 
hybridi ation with the pTsCAD2 cDNA fragment revealed that the enzyme may exist as a 
genomic polymorphism - due to its diploid genome - or as a small multigene family. The 
i olation of the clone pTsCAD2 has provided the necessary tool for future isolation of the 
genomic equence/s encoding this enzyme in sub. clover. This will enable detailed 
mapping and characterisation of the genomic sequence/s and their upstream 5,, 
untranslated regions containing elements involved in the molecular regulation of the gene. 
Isolation of a number of genomic sequences will also confirm if CAD exists as a 
polymorphism (due to diploid genome) or a multigene gene family in sub. clover. 
Phylogenetic analysis of all the available CAD, and "CAD like" nucleotide and 
amino acid sequences indicated that there--- are three groups (A, B and C) or classes of 
equences. All the amino acid sequences of Groups A, B and C showed conservation of 
key tructural and functional domains found in the family of NADP dependant alcohol 
dehydrogenases. Group C sequences however posses variation in active site residues 
which are thought to be involved in substrate specificity for sinapyl alcohol - as seen in 
the Group B or CAD2 type sequences - which suggests they may posses specificity for 
other alcohols, including either of the other two monolignols. Group C contained known 
inducible defence genes (ELl3) from Arabidopsis and parsley indicating that these may be 
inducible CAD , however examination of their biochemical function will be needed to 
confirm thi . The level of nucleotide sequence homology (% 'Identities') seen between 
the CAD2 type equences of Groups A and B and the ELI 3 or defence response like 
equence of Group C indicated that it may be difficult to detect the ELl3 or inducible 
"CAD like" sequences u ing high stringency conditions when probing with CAD2 type 
probe . Probing either Southern blot or c/gDNA libraries to ascertain copy number and 
i olate other CAD, or "CAD like" genes including CAD 1 type sequences, may require 
u e of low tringency condition if these are to be identified and cloned. 
The enzyme polymorphi m ob erved in ub. clover n1ay be explained by allele 
polymorphi m, gene polymorphi m or po t-tran lational protein modification. However, 
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the cultivar Karridale is a near homozygous line, therefore the likelihood that the enzyme 
polymorphi mis due to multiple alleles will be low. The results from the Southern blot of 
genomic DNA uggest the pos ible presence of more than one gene, and the number of 
i oforms een in sub. clover tend to support this. If this proves to be correct, how closely 
related the e genes are in terms of sequence homology has yet to be determined. It may 
transpire that the Group C sequences are in actual fact genes coding for inducible disease 
resistance CAD isoforms. The CAD 1 type enzymes may be shown to differ to the same 
degree in sequence homology as that seen between Group C and both A and B (CAD2 
type enzyme sequences), and they may be required for as yet undetermined 
developmental processes. 
The translation of a functional protein encoded by the Eucalyptus CAD2 cDNA in a 
bacterial expression system (Grima-Pettenati et al., 1993) indicates that full length sub. 
clover CAD cDNA clone/s could be examined in a similar fashion. This may be a useful 
approach to adopt to answer the important questions regarding differences in substrate 
pecificitie and kinetics across the range of enzymes characterised in plants to date. Such 
an approach, if successful, would confirm that the identity of the gene product 
represented by the cDNA fragment in pTsCAD2, is the CAD 1 isoenzyme or one of the 
minor isoforms seen in sub. clover. Isolation, cloning and expression of homologous 
equences may be the only means available to link and study the biochemistry of the other 
isoforms in detail, in view of the difficulties associated with purifying sufficient 
quantities of even the most abundant CAD isoform from sub. clover. 
In order to develop a possible model to explain how the plant may alter the quality 
of the lignin synthesised, an initial experimental approach may involve production of 
i ozymes and/or individual ubunits via the expression vector method. The purified 
monomeric or dimeric isoforms could be examined for Km' s and range of specificities for 
each monolignol and other alcohols. This could be followed with a n1ore detailed 
examination where by the possible regulation of substrate specificity through the 
formation of different heterodimers or homodimers having _different Km' s and/or range of 
pecificities for each monolignol could be examined. Some evidence for this as a 
mechani m was een in the differences in sub trate specificity between the homodimer 
(2x 44 kDa ubunit ) and heterodimers ( 42 + 44 kDa subunit) of Eucalyptus periderm 
CAD2 (Hawkin & Boudet, 1994)[ ee Table 1. 1]. This would be a simple means by 
which the plant could regulate the ratio of monolignol (alcohols) available for transport 
and ynthe i into the cell wall. For example, if two genes - each encoding a different 
ubunit - were tran cribed at different rates, the ratio of ubunits in the cytopla m would 
al o differ. Thi would result in a population of dimer compri ing hetero- and 
homodimer of both subunits in different amount . Altering the relative amounts of each 
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homo/heterodimer would provide a mechanism for altering the population of substrate 
pecificitie within the cell - and thereby alter the ratio of monolignols processed. 
Some combination of ubunit expression, and monomer and/or dimer formation, 
may be that which i operating in most plants. Certainly, from the evidence in all the plant 
y terns examined and reported so far, it ha clearly been shown that differences exist 
both inter- and intra-specifically in ubstrate (monolignol) specificities across both the 
CADl and CAD2 type enzymes. 
The current state of knowledge regarding mechanisms of lignin synthesis are only 
ju t reaching the initial stages of detailed study in terms of regulation at the molecular 
level. The complex enzymology and biochemistry of CAD seen in sub. clover, and 
number of other plant species, suggests that the enzyme may even posses other functions 
a yet undetermined. Elucidation of the significance of this complexity in sub. clover will 
require a coordinated approach if its role in the synthesis of monolignol precursors is to 
be understood. This work will also be important in revealing any possible involvement of 
CAD in the input steps to branch pathways that produce other compounds from the 
cinnamyl alcohols involved in structure, growth regulation and defence. 
The work presented in this thesis represents the first attempts to understand lignin 
in terms of its structure, function and regulation in subterranean clover. A number of 
approache have been applied and the results have provided a basic understanding of the 
complexity of CAD and lignin in this agriculturally important plant system. It also 
provide a tarting point for future research examining the role of cinnamyl alcohol 
dehydrogenase and the involvement of lignin in normal plant development, defence, and 
nodulation proce e (i.e. the clover/agrobacterium symbiosis) in subterranean clover. 
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CAD Nucleotide Sequence Alignment A-1 
Appendix A 
Alignment of CAD Nucleotide Sequences 
Nucleotide equences were aligned a per chapter 5, ection 5.2.2. The sequences, 
acce ion numbers and tissue sources are also li ted in Table 1. 1. Table A-1 show the 
equence name as per the alignment, and indicate the species plu whether the source is 
from cDNA or genomic DNA (gDNA). 
The Modal state represents the consensus sequence calculated by MacClade version 3.1 (Maddi on & Maddison, 1992). The consensus sequence is calculated as the most 
common nucleotide at a given position, IUPAC ambiguity codes are u ed to indicate 
positions where several equally common nucleotide states exist. Ambiguity codes used are 
as follows: 
M - A or C 
R - A or G 
w - A or T 
s - C or G 
y 
- C or T 
K - G or T 
Table A-1. CAD Nucleotide sequences used in the multiple sequence alignment. 
Sequence Species Source 
Pine A Pinus taeda L. cDNA 
PineB Pinus taeda L. " 
Spruce Picea abies L. " 
E. gun. Eucalyptus gunnii " 
---E. gun. gDNA Eucalyptus gunnii gDNA 
E. bot. gDNA Eucalyptus botryoides " 
Poplar Populus deltoidies L. cDNA 
Aralia Aralia cordata " 
Alfalfa Medicago sativa cv. Apollo " 
Sub Clover Trifolium subterraneum cv. Karridale " 
Alfalfa p 1180 Medicago sativa " 
Tobacco (14) Nicotiana tabacum cv. Samsun " 
Tobacco (19) Nicotiana tabacum cv. Samsun " 
Arabid. gDNA Arabidopsis thaliana gDNA 
Arabid. PRL2 Arabidopsis thaliana cv. Columbia cDNA 
Arabid. ELI3-1 Arabidopsis thaliana cv. Columbia " 
Arabid. LI3-2 Arabidopsis thaliana cv. Columbia . " 
Parsley Petroselinum crispum " 
Alfalfa p 1178 Medicago sativa " 
Stylo anthes 1 Stylosanthes humilis cv. Paterson " 
Stylosanthe 3 Stylosanthes humilis cv. Paterson " 
CAD Nucleotide equence Alignment 
· Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
Arabid. ELI3 - 2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco (19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
Arabid. ELI3-2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
10 20 30 40 50] 
. ] 
ATGGAAGGAAGCGTACTTGAAGCTGSAGAGCWYCCWAGAAMAGCTATAGG 
ATG---GGAAGC---TTGGAATCT---GAA------AAAACTGTTACAGG 
... --- ...... --- ......... --- ... ------ .G ...... ..... . 
... - - - .. C . . T- - - C . T . . GAAG- - - .. G- - - - - - . GG .. CACC . . G .. 
... - - - .. C . . T- - - C . T . . GAAG- - - .. G- - - - - - . GG .. CACC . . G .. 
... - - - .. C .. T- - - C . T .. GAAG- - - .. G- - - - - - . GG .. CACC .. G .. 
. . . - - - . . T . . . - - - C . T . . . A . A - - - . . G- - - - - - . G . . AAA . . GT . . . 
... - - - .. T ... - - - ...... G. A- - - .. G- - - - - - . G .. AAACA . ... . 
... - - - .. T ... - - - A . T ... G .. GCA ... - - - - - - . G ... AACAGT .. . 
... - - - .. TG .. - - - ...... GT . - - - .. G- - - - - - ..... AAC . . TT .. 
... - - - .. T ... - - - ..... TGT . - - - ... - - - - - - ... T . A . C .. TT .. 
... --- ..... TGTA--- ... G. AGGA ... ------ .. G. AG. C . TT .. . 
... --- .. .. TA---A ... . GG. A--- .. G------.GG. AAACA .... . 
... --- .... AGGTTC . TC .G--------------- ... GAG. CGTTC .. 
... --- .... AGGTTC . TC .G-- ------------- ... GAG. CGTTC .. 
... ---.CG. AATCACCA .. . A . C- -- . .. CTCCCACTC . AA . CCTTT .. 
... ---.C. TCATCG------------------------ . AA . CCTTT .. 
... GAA . C . TCACAAG. T .... T .-- - .. GCATCCT .GG. AG. CATTT .. 
60 70 80 90 100] 
. ] 
ATGGGCTGCAAGAGACCCTTCTGGCGTTCTCTCTCCTTACACTTACACTC 
ATATGCAGCTCGGGACTCCAGTGGCCACTTGTCCCCTTACACTTACAATC 
........................... T ................... C .. 
T . GG . . T . . AA . . . . . C . GTC . . . . GTTC . C . . T . . . . . . . . . . . T . GC . 
T . GG .. T .. AA ..... C . GTC .... GTTC . C .. T ........... T . GC . 
T . GG . . T . . AA . . . . . C . GTC . . . . GTTC . C . . T . . . . . . . . . . . T . GC . 
. . GG . . . . . AACA . . . . . A . C . . . G . . TC . CG . T . . . . . . . . C . . T . G . . 
.. GG ..... AA . A ... C . ATC ... GGTTC . C .. A .. A . .... C .... C .. 
.. TG .. T .. AAAA ... C . TTCC .. AATTC . CA . T .. A ..... A .... C .. 
----------------AGGTACC . AATTC . CA . T .. A ..... A .... C .. 
T . GG .. T ... A . A ... C . TTC ... TGTAC . T .. A .- .... T .. C .. T . C .. 
T . GG .. T ... A . A ... C . TTC ... T . TAC . T .. A ..... T .. C .. T . C .. 
.. GG . .. T .. AA . A . . TC . TTC ... TGTTC . C .. T ...... T . C .... C . T 
C . GG .. T .. CA . A ... C . ATC ... GAT . C . C .. T ............. C .. 
.. TA .. C .. GAAA ... AATTCC .. AGTTC . C .. G .... T .. G .. T . TC . A 
.. TA .. C .. GAAA ... AATTCC .. AGTTC . C .. G .... T .. G .. T .. C . A 
-------------------------ATTC . T .. T .. A . T .. AG. T . TCAA 
T . GG .. T ... A . A ... A . TTC .... AC . C . C .. T .. C . TTCA .. T . TC .. 
C . GG .. T .. AAAA .. TG .. TCC ..... TC . C .. T .. C . T . CA .. T .. CAA 
.. GG ..... AA . A .. T .. TTC ... ATTGC . C ....... T .. A .. T . TC . A 
A-2 
[ 3 5] 
[ 3 5] 
[ 3 5] 
[ 3 5] 
[ 3 5] 
[ 3 5] 
[ 3 5] 
[ 3 5] 
[ 3 8] 
[ 3 ] 
[ 3] 
[ 3 5] 
[ 3 5] 
[ 3 8] 
[ 3 5] 
[ 3 2] 
[ 3 2] 
[ 3 ] 
[44] 
[23] 
[47] 
[85] 
[85] 
[85] 
[85] 
[85] 
[85] 
[85] 
[85] 
[88] 
[ 3 ] 
[37] 
[85] 
[85] 
[88] 
[85] 
[82] 
[82] 
[ 2 8] 
[94] 
[73] 
[97] 
....... 
CAD Nucleotide equence Alignment 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
110 120 130 140 150] 
. ] 
TCAGAAACACAGGACCAGAAGATGTKAAYATCAAAGTTTTGTACTGTGGA 
TCAGAAAGAAAGGACCTGAGGATGTAATTGTAAAGGTCATTTACTGCGGA 
.... G .. C ................. C . . A ... . G ......... . . . T .. . 
....... C . CG ..... A . . A . .. C . TTACA . C ..... GT . GAG ..... . . 
....... C . CG ..... A . . A . .. C . TTACA . C ..... GT . GAG ...... G 
....... C . CG ..... A . . A . .. C . TTACA . C ..... GT . GAG ...... . 
..... G . T . CG .. G .. A . . A . .... TT .. A . C ..... T .. CAGT .. T .. . 
.... GG . A . C ... C .. A . . A . .... TT .. A . C ... A . T ..... T .. T .. G 
....... C . C ...... G .. T ..... TTACA . C .. AA . TCA ...... T .. . 
Sub Clover --------------------------------------------------
Alfalfa p1180 ....... C . C ...... G .. T ..... TTACA . C .. AA . TCA ...... T .. . 
Tobacco (14) ....... C . C ......... A ..... GGAA .. C .. A .. TT .G .. T .. T .. G 
Tobacco ( 19) ....... C . C ......... A . .... GCAA .. C .. A . . TT . G .. T .. T .. . 
Arab id. gDNA . A . . G. GC . C .... G. A . . T ..... GTA . A . ...... T .. A .G ... T .. . 
Arabid. PRL2 . T ... G ... CT .... . A ....... . G. ACA ... GAA ...... G ... T .. . 
Arabid. ELI3-1 GA .. GGC .. CG .. TGAAA ....... G .GGT . C . . A ... T .G. T ... T .. . 
Arabid. ELI3-2 GA .. GG . A . C .... GAAA ....... G .GGT . C . . A . . GT . A . TT .. T .. . 
Parsley GA ... GCA . C ... CGACA . T ..... G .GGT . C . . A .. TT .G .. T .. T .. . 
Alf a 1 fa p 11 7 8 GA .. GG . A . . T .. TGA ... T ..... G . G ... G .. AA . TC . A . . T .. T .. . 
Stylosanthes 1 GA .. GC . A .. C . A .G .... T .. C .. C . CGC .G . . AA . . C . C ........ G 
Stylosanthes 3 GA . . GG. C . TT ... GAG . . A . .... TGCAT .GG . A . . GT . G ..... T .. T 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
160 170 180 190 200] 
. ] 
ATTTGCCACACTGATCTTCACCAAATCAAAAATGATCTTGGCATGTCCAA 
ATCTGCCACTCTGATTTAGTTCAAATGCGTAATGAAATGGGCATGTCTCA 
.............. C ....•...•... . A .. . C ........•..... . A . 
G . T ...... AG ... CA . TCAC .. G .. CAAG ..... TC . T ........ C .. 
.. T ...... AG ... CA . TCAC .. G .. CAAG ..... TC . T ........ C .. 
.. T ...... AG ... CA . TCAC .. G .. CAAG ..... TC . T ........ C .. 
G . T . . . . . TA . C . . . A . CCAC . . . . . CAAA . . . . . TC . T . . . . . . . . A . . 
. . T . . . . . TA . . . . . A . TCAC . . G . . CAAG . . . . . TC . T . . AGCT . . CA . 
G . T .. T .. T ...... C . TCAC ..... CAAA ..... TC . T ........ CA . 
G . T .. T .. T ...... C . TCAC ..... CAAA ..... TC . T ........ CA . 
C .... T ... A ..... C . TCAC ... G . TAAA ..... TC . T ........ CA . 
C . T ...... AG .... C . TCAC ... G . TAAA ..... TC . T ........ CA . 
.. A . .... TA ..... A . TCAC ..... TAAA ..... TC . T .. A ...... A . 
. . . . . . . . . A . C . . . C . TCA . . . . . CTAAA . . . . . TC . T . . . . . . . . . A . 
.. T ..... . A .... . C .GAG . ATGGCCAAA .. C ... TG ... GT . AA .. AC 
Ar ab id. EL I 3 - 2 .. T .. T ........... GCA . ATGG . CAAG .. C .. GTG ... A ...... AC 
Parsley G . A .. T .. T . . A ... C . TCA . ATGG . CAAA ...... TG .. . A ... A . CAC 
Alf a 1 fa p 11 7 8 G . T .. T .. T ...... C .. CACACTC . CAAG .. C .. TTG ... TT . CA .. AC 
Stylosanthes 1 G . T ..... T .. C ... C . CCACAC . G . CAAG .. C .. CTG ... TT . CA .. AC 
Stylosanthes 3 . . A ..... . A . G .. CC . GCACATGGCAAAG .. C .. CT . T .... AT .. CAT 
A-3 
[ 13 5] 
[135] 
[135] 
[ 13 5] 
[ 13 5] 
[ 13 5] 
[ 13 5] 
[ 13 5] 
[ 13 8] 
[ 3] 
[ 87] 
[ 13 5] 
[135] 
[138] 
[135] 
[132] 
[132] 
[ 7 8] 
[144] 
[123] 
[147] 
[185] 
[185] 
[185] 
[185] 
[185] 
[185] 
[185] 
[185] 
[188] 
[ 3] 
[137] 
[185] 
[185] 
[188] 
[185] 
[182] 
[182] 
[128] 
[194] 
[173] 
[197] 
CAD Nucleotide equence Alignment 
Mo da l 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
210 220 230 240 250) 
. ] 
TTACCCTATGGTTCCTGGGCATGAAGTGGTGGGTGAGGTAATRGAGGTGG 
TTACCCAATGGTCCCTGGGCATGAAGTGGTGGGGATTGTAACAGAGATTG 
................................. AG . G ............ . 
C . . . . . T . . . . . T . . . . . . . . . . . . . . . . . . . . CGAG . . TCTG . . . G . G . 
C . . . . . T . . . . . T . . . . . . . . . . . . . . . . . . . . TGAG . . TCTG . . . G . G . 
C . . . . . T . . . . . T . . . . . . . . . . . . . . . . . . . . TGAG . . TCTG . . . G . G . 
Poplar C .. T .. T ........... C ........... T .. TGAG .. TGTT ... G. G . 
Aralia ...... T ..... T .. A .............. T .. TGAG .. TGTG ... G. G . 
Alfalfa ... T .. T ..... T .. C .............. T .. TGAG ... CT .... G. G . 
Sub Clover ----------------------------- - --------- - ---- ------
Alfalfa pl 18 0 ... T .. T ..... T .. C .............. T .. TGAG ... CT .... G. G . 
Tobacco (14) C ..... TC .... T .... . A .............. AGAA . . GGTG ... G. A . 
Tobacco ( 19) C ..... TC .... T ..... A . ............. A . AA . .. GTG ... G. A . 
Ar ab id. gDNA ... T .. T ..... T ........ C .. G .. A .. A . . TGAG .. GTTG .. AG . G . 
Arabid. PRL2 ...... c ..... T ................. A ... GAA ... GTG ... G.G. 
Ar ab id . EL I 3 - 1 . . . T . . TC . T . . . . . . . . . . . . . . GA . T . . . . . CG . G . . G . . T . . AG . . . 
Ar ab id . EL I 3 - 2 . . . T . . TC . T . . . . . A . . . . . . . . GA . C . . . . . CG . G . . G . . T . . AG . C . 
Parsley C .. T .. T .. T .. T ........ C ... A . T .. T .. T .GA ..... C .. AG. A . 
Alfalfa pll 78 ...... TG. T .. T ........... . A . T . . T .. CG .... G .. . A . AG .. . 
Stylosanthes 1 ...... TG. T .............. . A . T . CT . . T ..... G .. . A . AG .. . 
Stylosanthes 3 C .. T .. . TAT .................. A . T . . C . . A . . TG ..... G. G . 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco (19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
Arabid. ELI3 - 2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
260 270 280 290 3 0 0) 
. ] 
GATCAGATGTGACAAAGTTCAAAGTGGGAGACAAAGTKGGAGTTGGTTTA 
GTAGCGAGGTGAAGAAGTTCAAAGTGGGAGAGCATGTAGGGGTTGGTTGC 
. . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
................ A . ............. A . ................ . 
. ATCA ....... CA ... . A .. G ... T .. T .. C .GA .. G .. AACC ... ATA 
. ATCA ....... CA .... A .. G ... T .. T .. C .GA .. G .. AACC ... ATA 
. ATCA ....... CA ... . A . . G ... T .. T .. C .GA .. G ... ACC ... ATA 
. ATCA .. T .... CA . G ......... T ..... TGT ... C .. T ..... AGT . 
. ATCA .. T .... CC ........ G . . A ..... TTGC .. C .... A .... ACA 
.. TCAA . T .. T . CA . G ............... AAT ... G .. A ...... CTT 
.. TCAA . T .. T . CA . G ............... AAT ... G .. A . ..... CTT 
. ACCA .. T ... TCA .. A ........ T .. G .. CACA .. T .. A . .... A . TA 
. AGCA .. T ... TCA .. A ........... G .. CACA .. T .. A ..... A . TA 
. ATCA .. T .... GC ..... T . CT .. A ..... TGTA .. C .. A .. C .. CGTG 
. ATCA .. T .... GC ....... CC .. A .. G .. CATA .. T .. A ........ . 
. AGC . A . A ..... A .. A ..... C . CT ..... CA . A .. C .. A ..... C . AT 
. AGC . A . A .... CT .. A . ..... ACC ..... AA . A . . C .. A . .... G .. T 
. G ... A . A .. AG . A .. A . .... G ..... G .. CGCA .. T ..... A . .... T 
. A . T . A . T .... . A .. A ... . G ...... T .. TA . C .. T .. T ...... GTA 
. A .. TA . T .... CA . . A .. T .. G . A ... T .. TAGA .. T .. A ...... GTA 
. A . .. A . ... AG . A .... A . .. G .. T ..... CA . A .. G .. C .. G .. A . A . 
A-4 
[ 23 5] 
[235) 
[235) 
[ 23 5 J 
[ 23 5] 
[ 23 5] 
[ 23 5 J 
[ 23 5] 
[238) 
[ 3 ] 
[187) 
[235) 
[ 23 5] 
[ 2 3 8 J 
[235) 
[ 23 2] 
[232) 
[178) 
[244) 
[223] 
[247) 
[ 285] 
[ 285 J 
[ 285] 
[ 285] 
[ 285] 
[285) 
[ 285] 
[ 285] 
[ 288] 
[ 3 ] 
[237) 
[ 285] 
[ 285] 
[288) 
[ 285] 
[282) 
[282) 
[228) 
[294) 
[273) 
[ 2 97] 
CAD Nucleotide equence Alignment 
Moaa l 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
Arabid. ELI3-2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3 - 1 
Arabid. ELI3 - 2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
310 320 330 340 3 50] 
. ] 
ATCGTTGGATGCTGCTTCAGRAGCTGTGGCMCTTGCAATTMAGAYATGGA 
ATTGTTGGGTCCTGT- - - CGCAGTTGCGGTAACTGCAATCAGAGCATGGA 
. . . . . . . . . . . G . . . - - - . . . . . . . . . A . . . . . . . . . . . GGC . . . . . . . . 
G .G ....... G ... C---A . A .. C .. TA . CCCT ...... TC .GA . CA .. . 
G . G . . . . . . . G . . . C - - - A . A . . C . . TA . CCCT . . . . . . TC . GA . CA . . . 
G . G ....... G ... C - - - A . A . . C .. T .. CCCT ...... TC . GA . CA .. . 
.. C ..... AAG ... C- - - AAG . A . .. TCA . CCA ..... ATCAGAG .. T .. 
.. C ..... A . G ... C- - - AAA . C ... TC . CCCA ..... AGCAGATG . T .. 
C . C . . . . . T . G . . . C - - - AAA . . C . . . A . AGCG . . TG . . TCTGAG . . T . . 
C . C ..... T . G ... C - - - AAA . . C ... A . AGCA .. TG .. TCTGAG .. T .. 
C . C ..... AAGT .. C---A .G . AC .. T .. CCCT ..... GAGAGAT . . A . . 
C . C ..... AAGT ... - - - A . G . AC .. T .. CCCT ..... GAGAGAA .. A .. 
G . C .. C .. A . G ... C - - -G . T .. C ... AAACCA .... GCTCAGAAC . T .. 
C . C ..... A--- ... TTCG. AG .... TA . C--- - ------ - - - - ------
.. G . CC .. C .. G .. C - - - A . GTCA .. T . AC . G ....... G . TG .. GAC .. 
T . G .. CA . C .. G .. C - - -G . GTCA .. T . AC . G ..... CCG . AG . T ..... 
T . G ..... A . . G .. C - - - . TTTCA .. T . AG .. T ... G . CG . TGATTCA .. 
..... C . A . .. T ... - - - . AG . C ... T . AG .. T ........ AGATT ... . 
. . A . . G . AC .. A ... --- . AGGAA .. T . AGTGT ... C .G ... GATC ... . 
T .... A . AA . . T ... - - - ... TCC ... CAA .. T .. T . T . G. T . ATC . T .. 
360 370 380 390 400] 
. ] 
GCAATACTGCAACAAGAAGATTTGGACYTACAATGATGTGTACACTGATG 
ACAATACTGCAGCAAGAGGATTTGGACCTACAATGATGTGAACCATGACG 
G ..... T .... A . .... A . ....... AT ........ C ... T .. ACC .. T . 
G ..... T .... A . .... A . ....... AT ........ C ... T .. ACC .. T . 
G .......... A . .... A . ....... AT ........ C ... T .. ACC .. T . 
G .......... A ..... AA . . C ... T . T ........... CT .. AC ... T . 
G .. G ....... A ..... A ... C ... T ............. CT .. ACC .. T . 
G . . . . . . . . T . A . . . . . A . . . C . . . T . T . . . . . . . . . . . TT . . AC . . . . . 
G . . . . . . . . T . A . . . . . A . . . C . . . T . T . . . . . . . . . . . TT . . AC . . . . . 
G . . . . . T . . . . A . . . . . A . . . . . . . . A . . G . . . . . . -. . . CT . . AC . . . T . 
G ..... T .... A ..... A ........ AT . G ......... CT .. AC .. . T . 
G . . G . . T . . T . A . . . . . . A . . C . . . . GT . . . . . C . . . . . CT . . ACC . . T . 
GA . C ..... TCCA .... T ... C . TA .. G. C .GGA . CCAAA ... TT .... . 
. A . C .. T .. TCCA .. ATCA .. CCAA .. G ... GGATTCCC . T .. T . C ... A 
GA . CA . T .. TGCA ... CAAG. ACA ...... TGC . TT . ACC ... GT ... T . 
G .. G ..... TCCT .. ACCTG. A . TT ..... T .. C- - - TCTCCTT .. A . A . 
GAGT ..... TCCT .. ACCTG . G. TT ..... T .. C- - - TCTCCTT .. A . A . 
. A . T .. T .. TCCA .. ACAC .. A . TA .. AC . AGG ... CAAAC .. AT ... T . 
A-5 
[332] 
[332] 
[ 3 3 2] 
[ 3 3 2] 
[ 3 3 2] 
[ 3 3 2] 
[332] 
[ 3 3 2] 
[ 3 3 5] 
[ 3 ] 
[284] 
[ 33 2] 
[ 3 3 2] 
[ 3 3 5] 
[ 312] 
[ 3 2 9] 
[ 3 2 9] 
[ 275] 
[ 341] 
[320] 
[344] 
[ 3 82] 
[ 3 82] 
[ 3 82] 
[ 3 82] 
[ 3 82] 
[382] 
[382] 
[382] 
[ 3 85] 
[ 3] 
[ 334] 
[ 3 82] 
[ 3 82] 
[ 3 8 5] 
[ 312] 
[ 3 7 9] 
[ 3 7 9] 
[ 3 2 5] 
[ 3 88] 
[ 3 67] 
[394] 
CAD Nucleotide equence Alignment 
Moda l 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco (19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
410 420 430 440 450) 
. ] 
GCAACCCCACTCAAGGTGGCTTTGCTGATTCCATGGTTGTTGATCAAAAG 
GCACCCCTACTCAGGGAGGATTTGCAAGCAGTATGGTGGTTGATCAGATG 
............. A . .......... C ....................... . 
. . . AG . . C . . . . . A . . T . . G . . . . . TG . TGAG . . A . . . . . . . GCG . A . G . 
. . . AG . . C . . . . . A . . T . . G . . . . . TG . TGAG . . A . . . . . . . GCG . A . G . 
. . . AG . . C . . . . . A . . T . . G . . . . . TG . TGAG . . A . . . . . . . GC . . A . G . 
.. . AA . . C .. C . . A .... . C ..... TGAATCC ..... T .. GC ... . A . A . 
. . . AG . . C . . C . . A . . . . . C . . CT . CG . TCAC . . . . . C . . C . . . . . A . A . 
. A . AGATC ........ T .. C ..... TGAATCC . CC .. C ..... A .. A . A . 
.A . AGATC ........ T .. C ..... TGAATCC . CC .. C ..... A .. A . A . 
... AA .. C .. C .. A .. T .. T ..... T . AATCC ..... T ........ A . A . 
... AA .. C .. C .. A .. T .. T ..... T . ATTC ...... T ........ A . AC 
. A . AA ........ A .. T .. C .. C .. CGA .. CC ... A . C .. CA .... A . A . 
AT ... ATG .. C .. T .. T .... ACT . CGA . CAC ...... TG .. C . G .. GAT 
Arabid. ELI3-2 A .... ATA .. AT . C .. T .. T . ACT . CGA . CAC ..... TTGC .. GG . AGGT 
Parsley . A .G .ATA .. AT . C ...... . A . .. GGA . TC ...... T . CA .. C ... CAC 
Alfalfa pll 78 .G .. A .GA .. CT . T .. T .. C .A . T . TGATTT .G .... T ... C . C ... CG . 
Stylosanthes 1 .G .. A .GA .. C ..... T .. C . ACT . TGATTT .G .... T .. AC ..... CGC 
Stylosanthes 3 . A ... A .A . . CT . T ..... C .ACT . TGATTCA ..... T ...... G. ACAC 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3 - 1 
Arabid. ELI3 - 2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
460 470 480 490 500] 
. ] 
TTTGTGGTGAAAATTCCAGAGGGTYTGSCACTGGAACAAGCAGCACCTTC 
TTTGTGGTTCGAATCCCGGAGAATCTTCCTCTGGAACAAGCAGCCCCT--
.......................... A . .................... - -
. ....... GAA ...... A . . TGGGT . AGAGTC ...... G ..... G .. G- -
........ GAA ...... T .. TGGGT . AGAGTC ...... G ..... G .. G- -
........ GAA ...... A .. TGGGT . AGAGTC ...... G. AC ... -----
. . . . . . . . GA . . . . T . . T . . TGGGA . GT . A . CA . . . . . . . . . . . G . . G- -
. . . . . T . . GAAG . . A . . A . . TGGAA . GG . A . CA . . . . . G . . . . . A . . . - -
. . . . . T . . GAA . . . A . . A . . . GGAT . GG . A . CA . . G . . . . TT . . A . . A- -
..... T .. GAA ... A .. A ... GGAT .GG . A . CA .. G .... TT .. A .. A--
. . . . . . . . GAA . . . T . . A . . . GG . A . GG . A . CA . . . ·. . . . . . . . A . . . - -
. . . . . . . . GAA . . . T . . A . . . GG . A . GG . A . CA . . . . . . . . . . . A . . . - -
....... · .GAAG .. T .. A .. AGGAA .GG .GG .... G .. G .. T .. A .. G--
.. CA . CA . C .. T .. T .. T .. C ..... C .. AT . A .. CGGT .. C .. A .. A- -
. . C . . CA . C . . T . . T . . A . . C . . . . . C . . CT . . . . CGCC . . C . . A . . G- -
..... TC .... TTGG .. T .. A . .. T . G ..... T .. TTCT . GT .. T ... - -
. A . .. A . ... AGT . T .. T .. C .. CT . A . . C .. T .. CGCT . GT .. T .. A- -
. . . . . . C . . . A . T . T . . T . . C . . C . . A . . C . . T . . TGCC . GT . . . . . G- -
...... ACC ..... T .. T .. AGGA .. A . .... T .. TGGCTGC . G . T . CTC 
A-6 
[432) 
[432) 
[432) 
[432) 
[432] 
[432] 
[432] 
[432] 
[ 43 5] 
[ 3] 
[ 384] 
[432] 
[432] 
[ 43 5] 
[312] 
[429] 
[429] 
[ 3 7 5] 
[438] 
[417] 
[444] 
[480] 
[ 480] 
[480] 
[480) 
[480) 
[477) 
[480) 
[480) 
[483) 
[ 3] 
[432) 
[480) 
[480) 
[483) 
[ 312] 
[477] 
[477) 
[423) 
[486) 
[465) 
[494) 
CAD Nucleotide equence Alignment 
Moda l 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
510 520 53 0 540 550] 
. ] 
TCTATTGTGTGCTGGKGTGACAGTKTACAGCCCACTGAAGCATTTTGGGC 
-CTGTTATGTGCAGGGGTTACAGTTTTCAGCCCAATGAAGCATTTCGCCA 
- ........................ . A ............ A ...... . G .. 
- . . . A . G . . C . . T . . T . . G . . C . . G . A . . . . . . TC . . GT . . GC . . T . GGC 
- . . AA . G . . C . . T . . T . . G . . C . . G . A . . . G . . TC . . GT . . GC . . T . GGC 
- G .. A . G .. C .. T . . T .. G .. C .. G . A . ..... TC .. GT .. GC .. T . GGC 
- . . A . . G . . C . . T . . AT . G . . . . . . . A . . . . . . . C . T . . A . . C . . T . GAC 
- . . AC . G . . . . . C . . . . . G . . . . . . . A . . . T . . . C . . . CC . . . . . T . GGT 
-T . . . . G . . . . . . . . T . . G . . T . . G . A . . . T . . . C . TTCA . . . . . T . GGC 
- T . . . . G . . . . . . . . T . . G . . T . . G . A . . . T . . . C . TTCA . . . . . T . GGC 
- .. A ........ T .. TA . A ..... A . A ... T ... T .... C ..... T . GTT 
- . . A ....... . T .. CA . A ..... A . A ... T ... T . C .. C ..... T . GTT 
- .. AC . C .. C .. G .. A .. A . . G .... AT .. T .. GT ... GC .. C .... GTC 
- . . AC . C . . C . . C . . . . . C . . G . . C . A . TC . . . C . . . . . . T . . CA . . GGC 
Arabid. ELI3-2 - .. CC . C ..... C .. TA . C .. G .. C . ATTC ... T ...... T .. CA .. GGC 
Parsley - T . AC . C ..... T ... A . .... AC . . A . .. T .. TC . C . GAT . CCAT . GAC 
Alfalfa p1178 - .. TC .G ..... C .. . A . C . . C .. G. AT ..... G ...... T ... AT . GT . 
Sty 1 o s an the s 1 - . . TC . G . . . . . T . . . A . C . . T . . G . AT . . T . . T . . . . . . T . . . AT . G . . 
Stylosanthes 3 TTCT .. G .. CTGG .. TTAC .GT---CA ...... TC . A .. AT ... AT . GGC 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
560 570 580 590 600] 
. ] 
TGAAAGAGATCCCTGGGATGAAAGGAGGGATATTGGGGCTTGGAGGRGTW 
TGACAGAG---CCCGGGAAGAAATGTGGGATTTTGGGTTTAGGAGGCGTG 
........ --- .. T . . A .............. A ................. . 
. C . AGC . A- - - AG . . . . TT . . G . G . A . . . . . A . . . . . GC . T . . . . . G . . T 
. C . AGC . A- - - AGT ... CT .. G . G . A ..... AC .... GC . T ..... G .. T 
. C . AGC . A- - - AGT . . . CT . . G . G . A . . . . . A . . . . . GC . T . . . . . G . . T 
... A . C .. - - - AGT ... CTA . G . G . A . ....... A . . AC . T ..... A . . A 
... A . ... ATCAGT .. ACT .. G. G. G .. A . . A . .... GC . T ..... G .. T 
. . . A . ACA- - - . . T . . . CTA . G . G . . . . A . . A . . . . . . C . T . . T . . A . . A 
. . . A . ACA - - - . . T . . . CTA . G . G . . . . A . . A . . . . . . C . T . . T . . A . . A 
. C . A . C .. ---AGT .. ATTA .G. G .A .. A . ...... - . A ........ A .. . 
. T . ATC .. ---AGT .. ATTT . G . G .A .. A ........ A ........ A .. T 
. A . TG . C . - - - AGT ... CTT ... G . A ...... C . A .. G ..... T .. A .. A 
. CGACA .. --- ..... T . T . C . CATC .. TG.GG .... AC .... C .. TT .. 
Arabid. ELI3-2 . CGACA . A--- .... . T . T . C . CATC .. TG.GG. A .. A ..... C .. TT . A 
Parsley . AGACA . A--- .. T .. T . CT .. GGTA .. CG .. G . A .... . G .. T .. TC . T 
Alf a 1 fa p 11 7 8 .... T .. A- - - .. A .. C .. AC . T . TG .. AG . GGCA .. GC . T .. T .. GT . A 
Stylosanthes 1 ........ --- .. G .. C ... C . T . TG .. AG . CGCC .. GC . T .. T .. . T . A 
Stylosanthes 3 . TGATA .. --- . . T .. TTT . C . TGTG .. TG. AG. T .. CC . T .. T .. GC. T 
A-7 
[529] 
[529] 
[529] 
[529] 
[529] 
[ 52 6] 
[529] 
[529] 
[532] 
[ 3] 
[ 481] 
[529] 
[529] 
[532] 
[ 312] 
[526] 
[526] 
[472] 
[ 53 5] 
[514] 
[541] 
[ 57 6] 
[ 57 6] 
[ 57 6] 
[ 57 6] 
[ 57 6] 
[573] 
[ 57 6] 
[579] 
[579] 
[ 3] 
[528] 
[ 57 6] 
[ 57 6] 
[579] 
[ 312] 
[573] 
[573] 
[519] 
[582] 
[561] 
[588] 
-
CAD Nucleotide equence Alignment 
Moda l 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
Arabid. ELI3-2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco (19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
Arabid. ELI3-2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
610 620 630 640 650] 
. ] 
GGCCACATGGGRGTGAAGATAGCMAAGGCAATGGGACATCATGTGACTGT 
GGGCACTTGGGTGTCAAGATTGCCAAAGCCTTTGGACTTCACGTGACGGT 
. . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
..... . A ........................... . G .......... . A .. 
. . C . . . A . . . . G . . G . . . . . A . . . . . G . . . A . G . . . . AC . . . . . . . . T . . 
. . C . . . A . . . . G . . G . . . . . A . . . . . G . . . A . G . . . . AC . . T . . . . . T . . 
. . C . . . A . . . . G . . G . . . . . A . . . . . G . . . A . G . . . . AC . . T . . . . . T . . 
. . . . . . A . . . . G . . G . . . . . A . . A . . G . . AA . G . . . . AC . . T . . A . . T . . 
...... A .... C .. G ... T .G .. A ...... A .G .. G. A ... T ..... T .. 
. . A . . . A . . . . G . . G . . AG . A . . A . . G . . A . . A . . T . AC . . T . . C . . T . . 
. . G . . A . . A . . A . . G . . A . . . . . T . AC . . T . . C . . T . . 
. . A . . . A . . . . G . . G . . AG . A . . A . . G . . A . . A . . T . AC . . T . . C . . T . . 
.. A ... A .... A .. G .. A .. A .. A .. G .. AA .G .... A ... T .. T .. T .. 
. . A . . TA . . . . A . . G . . A . . A . . A . . G . . AA . G . . . . A . . . T . . T . . T . . 
. . . . . . A . . . . . . . G . . . . . A . . T . . . . . AA . G . . . . AC . . T . . . . . T . . 
.. C .. TG . A . CA .. G .. AT .... T .. G .. TA . G .. TAC . A . A .. T .... . 
.. T .. TG. A . . A . . G .. AT ....... G .. TA . G .. TAC . A .G .. T .... . 
. . A . . TG . A . C . . . T . . . . . G . . A . . . . . T . . . . . TGC . . . T . . T . . A . . 
.. C .. TG. T . CAA .... AT . C . GT ..... A . .... G .. GA . G .. T .. T .. 
.. C .. TG . T . CCA .... AT ... G ...... A . .... T .. CA . A .. T .. T .. 
. . C . . TA . . . TA . C . . . . T . . . . T . . . A . . CA . . . G . . . A . GA . C . . T . . 
660 670 680 690 7 0 0] 
. ] 
GATAAGTTCTTCTGATCCAAAGAAGAAAGAAGAGGCAATGGAACATCTTG 
TATCAGTTCGTCTGAT---AAAAAGAAAGAAGAAGCCATGGAAGTCCTCG 
C .. A .. C ......... --- .. G .............. . C . T ......... . 
G .. A . . C . . T . ..... - - - .. G .... G. ACG . . G .. AT . ... GCA . .. G . 
G .. A .. C .. T ...... - - - .. G .... G . ACG .. G .. AT .... GCA ... G . 
G .. A . . C .. T ...... - - - .. G .... G . ACG .. G .. AT .... GCA ... G . 
G .. T ..... T ..... C- - - .. G ... CGG .. G .. G .. T ...... CAT .. T . 
C .. A . . C .. T ...... - - - .. G ........ G .. G .. A . . A . . TCAT .. T . 
G .. A . . C .. T ...... - - - .. G ..... GA .... G .. AC . T .. G. AT .. T . 
G . . A . . . . . T . . . . . . - - - . . G . . . . . GA . . . . . . . AC . T . . GCAT . . T . 
G .. A . . C .. T ...... - - - .. G ..... GA .... G .. AC . T .. G. AT .. T . 
C . . T . . . . . T . . AA . . - - - . . G . . . . G . C . . . . G . : AT . . . . . CAT . . T . 
C .. T ..... T . . AA .. - -- .. G .... G. C .... G .. AT ..... CAT .. T . 
G .. A . . ·c .. A . . A . .. - - - .. G .. A . .......... T .. C ... CATT . A . 
... T ... A . T .. G .. G- - - CGT .... G ... C .. G ... G. TACTCGG .. T . 
. . . T . . . A . T . . G . . G- - - . . . . . . . G . . . T . . G . . G . . TA . TCGG . . T . 
... A ... A . T .. C .. A- - - . GC ..... GC . G ..... TT ..... AAG .. T . 
... T ... A . C ... CCA- - - .. C ... G .. ACT .. G ..... T .. CAAA .. T . 
C .. T ... AGC ... CCC - - - .. C ... G .. TCT ..... T .. T .. C .. T . . . 
C .. T ... A . T .. ACCCCCA . CC . . A ... .. G ..... A .. AA .GAATT . G . 
A-8 
[626] 
[626] 
[626] 
[ 62 6] 
[626] 
[623] 
[626] 
[629] 
[629] 
[ 41] 
[578] 
[626] 
[626] 
[629] 
[ 312] 
[623] 
[623] 
[569] 
[632] 
[611] 
[638] 
[673] 
[673] 
[673] 
[673] 
[673] 
[670] 
[673] 
[ 67 6] 
[ 67 6] 
[ 88] 
[625] 
[673] 
[673] 
[ 67 6] 
[ 312] 
[670] 
[670] 
[616] 
[679] 
[658] 
[688] 
CAD Nucleotide equence Alignment 
Moda l 
Pin e A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-l 
710 720 730 740 7 50] 
. ] 
GTGCTGATGCTTATCTTGTTAGCTCAGATACTGATAAGATGCAAGAAGCT 
GCGCCGATGCTTATCTTGTTAGCAAGGATACTGAAAAGATGATGGAAGCA 
............................. G ........... CA . .. . .. . 
. T . . . . . . . . . . . C . . A . . G . . . TCC . . . GAAA . TGGA . . . . AA . . G . . C 
. T . . . . . . . . . . . C . . A . . G . . . TCC . . . GAAA . TGGA . . . . AA . . G . . C 
. T . . . . . . . . . . . C . . A . . G . . . TCC . . . GAAA . TGGA . . . . AA . . G . . C 
. T .. T .... AA .. CT . G .. C ... TC .... GTG .... GC ... CAAA .... T 
. T . . A . . . . . . . . C . . G . . C . . . TCA . . . G . CACTC . . . . . CAA . . G . . T 
. A . . T . . CAA . . . . . . . . . . . . . TCA . . . . . . . TTGG . . . . CAA . . . . . T 
. A . . T . . CAA . . . . . . . . . . . . . TCA . . . . . . . TTGGA . . . CAA . . . . . T 
. A . . T . . CAA . . . . . . . . . . . . . TCA . . . . . . . TTGG . . . . CAA . . . . . T 
. T . . A . . . . A . . . . . . . . . C . . TTCA . . C . . . . . T . . A . . . CAA . . G . . T 
. T . . A . . . . A . . . . . . . . . . . . TTCA . . C . . . . . T . . A . . . CAA . . . . . T 
. A .. T .. C . AC ... G . G .. G ... TCT ... C . A . C . G ..... CAAAG . CTC 
. T . . G . . . . . C . TCT . G . . G . . . CGT . . CC . GA . . C . A . . . . A . . . T . . . 
Arabid. ELI3-2 . T .. G ....... TCT .G .. G ... CGT .. CC . AA .. C .... T . A ... T .. . 
Pars 1 ey . T .. T .... AG. T . T . G ..... T . GT .. C . G ... TC ..... CA .. CT .. . 
Alfalfa p1178 . T .. T ... T ... TC ...... TC ... A .. CC .... G .. A .... A .. CT .. T 
Stylosanthes 1 .G .. T ... T ... TC ... C .. TC . TCT .. CC ........... . A . . CT .. T 
Stylosanthes 3 . A .. T ... T . A . T . T .G ..... TCGT ... C . A . . CC . A ... GA . . CTC .. 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco (19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
Arabid. ELI3-2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
760 770 780 790 800] 
. ] 
GCTGATTCACTTGATTATATCATTGACACTGTTCCTGTTGTTCAYCCTCT 
GCAGAGAGCCTAGATTACATAATGGACACCATTCCAGTTGCTCATCCTCT 
..................................•...... C .. ... GT . 
A . T . . TTCT . . C . . C . . . . . TT . T . . . . . T . . C . . T . . G . T . . . C . . . . . 
A . T . . TTCG . . C . . C . . . G . TT . T . . . . . T . . C . . T . . G . T . . . C . . . . . 
A . T . . TTCG . . C . . C . . . . . TT . T . . . . . T . . C . . T . . G . T . . . C . . . . . 
. . T . . TCAA . . T . . . . . T . . C . . C . . T . . TG . G . . T . . G . T . . . C . . . . . 
. . C . . CTC . . . T . . . . . T . . T . . T . . . . . TG . G . . T . . . TT . . . C . . A . . 
. . T . . TTCA . . T . . . . . T . . C . . T . . . . . TG . . . . T . . . . G . . . C . . . . . 
. . T . . TTCA . . T . . . . . T . . C . . T . . T . . TG . . . . T . . . . G . . . C . . . . . 
. . T . . TTCA . . T . . . . . T . . C . . T . . . . . TG . . . . T . . . . G . . . C . . . . . 
T . T . . TTCA . . T . . C . . T . . T . . T . . T . . TG . C . . T . . . . GC . . . . . . . . 
. . T . . TTCA . . T . . C . . T . . T . . T . . T . . TG . C . . T . . . . GC . . . . . . . . 
. . . . . TTC . . . T . . C . . . . . C . . T . . . . . . G . A . . G . . GTT . . . C . . . . . 
ATG. G .. CTA . G ... GGT .. C .. T .. T ... G. AT . T . CGA . C ..... A . . 
ATG . GT . CTA . G ... GGT ..... T .. T ... G . CT . T . CGA ..... T . A .. 
A . .. GC . CA ... C .. GGT .. C .. T .. T .. TG .. T . T . CCCT ... C ... G . 
ATG . GA . C . A . G .. C ..... C .. A . .... A . . AT . T . C ....... T . C .. 
A . C . GA . CGA . G ..... T .. C .. T ..... G ... T . T . C .. T .... T . G . . 
AA ... A . CT .. G ... GG ... C .. T ..... AG .. T . T . C .. A .... T . CA. 
A-9 
[723] 
[723] 
[723] 
[ 723] 
[ 723] 
[ 7 2 0] 
[723] 
[ 72 6] 
[ 7 2 6] 
[138] 
[ 67 5] 
[723] 
[723] 
[726] 
[ 312] 
[ 720] 
[ 7 2 0] 
[666] 
[ 7 2 9] 
[ 7 0 8] 
[ 7 3 8] 
[773] 
[773] 
[773] 
[773] 
[773] 
[77 0] 
[773] 
[ 77 6] 
[ 77 6] 
[188] 
[ 725] 
[773] 
[773] 
[ 77 6] 
[ 312] 
[ 77 0] 
[ 77 0] 
[ 716] 
[ 77 9] 
[ 7 58] 
[ 7 88] 
CAD Nucleotide Sequence Alignment 
Moda l 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
Arabid. ELI3-2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid . PRL2 
Arabid. ELI3-1 
810 820 830 840 850) 
. ] 
TGAACCTTATCTTGCTTTGCTGAAGATTGATGGAAARCTGATCTTGATGG 
GGAACCATATCTTGCCCTTCTGAAGACAAATGGAAAGCTAGTGATGCTGG 
.......................................... T ...... . 
C . . . . . T . . C . . G . . . T . GT . . . . . CTCG . . . . . . . . . . GA . CT . . ACT . 
C ..... T .. C .. G ... T . GT ..... CTCG .... G ..... GA . CT .. ACT . 
C ..... T .. C .. G ... T . GT ..... CTCG .... G ..... GA . CT .. ACT . 
... G .. T .. C ... T . T .. GT .... ACTTG .... C ..... GA . CT .. A . . . 
T .. G .. T .. C .. CT . TT . GT .... ACTTG .... G ... T . GA . CT .. A .. . 
T .. G .. T ...... T . AT . G .. C .. A . TTG .... G .. AT . GA . CT .. A . . . 
T .. G .. T ........ AT . G .. C .. A . . TG ....... AT . GA . CT .. A . . . 
T .. G .. T ...... T . AT . G .. C .. A . TTG .... G .. AT . GA . CT . . TAT . 
T . . . . . T . . . . . . T . TT . G . . T . . A . TTG . . . . C . . A . . TA . CT . . A . . . 
T . . . . TT . . . . . . T . TT . G . . T . . A . TTG . . . . C . . A . . TA . CT . . A . C . 
C .. C .. T .. CT . G .. TTG ... T .. ACTCG. C .. G .. AT . GA . TC . CA ... 
TCTT .. GCTG .... GTT . G .. T .. A . AT .. G ..... A . . T .. T ... G . T . 
TCTT .. G . TG .. C . GTT . G ...... CAT .. G ..... A . . T .. T ... G . T . 
.. T ... G. TG .... GT .. AT . A ... GTC ........... T .. C ... G . T . 
. ATG ... CTG .... GT . . A . ..... TTG ..... G . . A . . G .. C . CTG . A . 
.. TTT . CCTG .... GT .. G ...... CTG .. C ...... T . G .. C . CCG .. . 
T . T ... TCTAA ... GAT . AT ..... T . TC ....... A . . T .. AT .. A . T . 
860 870 880 890 900) 
. ] 
GTGTTATTAACACGCCTCTKCAATTTGTTACYCCTMTGGTTATGCTTGGG 
GCGTTGTTCCAGAGCCGTTGCACTTCGTGACTCCTCCCTTAATACTTGGG 
.................................... T ... ..... . ... . 
......................... T .. T ....... T ............ . 
. T .. CA . CAAT . CT .. TC . T .. A . . TA . CT .... CATGG. T .. G ..... . 
. T .. CA . CAAT . CT .. TC . T .. A . . TA . CT .... CATGG. T .. G ..... . 
. T .. CA . CAAT . CT .. TC . T . . A .. TA . CT .... CATGG. T .. G . .... . 
. T ... A .. AAT . CC . . A .... . G .. T .. T .. G ... ATGG. T .. G ..... . 
. T ... A . CAATACT . . A ..... A .. TA . CT . C .. CATGG. T .. G ..... . 
. T ... A .. AACACC .. TC . T . . A .. T .. T . . A .. . ATGG . C .. G . . A .. . 
. T ... A .. AACACC .. TC . T . . A .. T .. T . . C ... ATGG . C .. G ..... . 
. T ... A .. AACACC .. TC . T . . A .. T .. T . . A .. . ATGG . C .. G . . A .. . 
. A . .. A . CAACACC .. C ..... A . . TA . CT . C .. CATGG. T .. G .. C .. . 
. A ... A . CAACACC .. C .... . A .. TA . CT .... CATGG . T .. G .. C .. . 
. T ... A . CAACACT .. TC . T .. G ........ C .... T . G . C .. T ..... . 
. T . CACCAG .... A . .. C . CG . GC . TCCTGT . TT ... TC . C .. CT .... . 
Arabid . ELI3-2 . T . CACCCGAGA .... AC . CG . GC . ACCTGTCATG .. TC . C .. CT .. . A . 
Parsley ... CACCAGAGA .... T ... G. G .. GCCAGTGTTC .. G ... C .. A . G . . . 
Alf a 1 fa p 11 7 8 . GT . GCC . AGCA .... CC . TG . GC . . TCTGTCTT ... A ... G . TGCA .. A 
Stylosanthes 1 .GC . GCC . AGCA ..... C . T .. GC .GCCT . TCTT ...... GG. TGCA . . A 
Stylosanthes 3 .G. CAA . . GAGA . ... TC .. G . A . . GCCTC . CTT ... T .. G .. TT . G . . A 
A-10 
[823) 
[823) 
[823) 
[823) 
[823) 
[820) 
[823) 
[826) 
[826) 
[238) 
[ 77 5] 
[823) 
[823) 
[ 82 6] 
[ 312] 
[820) 
[820) 
[ 7 6 6] 
[829) 
[808) 
[838) 
[873) 
[873) 
[873) 
[873) 
[873) 
[870) 
[873) 
[876) 
[876) 
[ 288] 
[825) 
[873) 
[873) 
[876) 
[ 312] 
[870) 
[870) 
[816) 
[879) 
[858) 
[888) 
CAD Nucleotide equence Alignment 
Mo da l 
P i ne A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-l 
910 920 930 940 950] 
. ] 
AGGAAGWCMATCACTGGRAGTTTCATTGGGAGCATGAAGGAGACAGAGGA 
AGAAGGAGCATAGCTGGAAGTTTCATTGGCGGCATGGAGGAAACACAGGA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . 
.. G .............. G ........ C .. . A ............ . G .. . . . 
. . G . A . TCA . . CA . . . . G . . . . . . . . A . . GA . . . . . A . . . . . . . . G . . . . 
. . G . A . TCA . . CA . . . . G . . . . . . . . A . . GA . . . . . A . . . . . . . . G . . . . 
. . G . A . TCA . . CA . . . . G . . . . . . . . A . . GA . . . . . A . . . . . . . . G . . . . 
. . . . A . TCT . . CA . C . . G . . C . . . . . A . . GA . . . . . A . . . . G . . . G . . . . 
. . G . A . GC . . . CA . A . . G . . C . . . . . C . . . A . . . . . A . A . . G . . GG . A . . 
. . G . A . TCA . . TA . . . . . . . C . . TG . . . . GA . . G . . A . . . . G . . . G . . . . 
. . . . A . TCA . . TA . . . . . . . C . . TG . . . . GA . TG . . A . . . . G . . . G . . . . 
. . G . A . TCA . . TA . . . . . . . C . . TG . . . . GA . . G . . A . . . . G . . . G . . . . 
. . . . A . . . . . . CA . A . . . . . C . . T . . . . . TA . . . . . A . . . . . . . . G . . . . 
. . . . A . . . . . . CA . . . . . . . C . . T . . . . . TA . . . . . A . . . . . . . . G . . . . 
.. G . AAGTG ... T . A .. G .. C .. T .. A . . GA .... TA . A .. G ... G . A . . 
C . G . A . . TGG . G . TG . . T . . . A . GG . A . . A . . T . . AA . . . . G . . G . . A . . 
Arabid. ELI3-2 .. G . A .. TGG .. ATG ...... A .G . . A .. A . . G . . AA . A . . G .. C .... . 
Pars 1 ey .... A . GTTC . T ..... G ... AAT ..... T ... C .. A . ......... A . . 
Alf a 1 fa p 11 7 8 C . G . A . CTT .. C . GA .. G ... AA . ..... A . . G ... A . A . . G .. T .. A .. 
Stylosanthes 1 .. G. A . CTT .... GG ..... CAA . T .... A .. GC . . A ... . G .. T .... . 
Stylosanthes 3 .... AACTTG. T .G ... T . C . C . GG. C . . A . . GC . . A . A . . G .... . A . . 
A-11 
[923] 
[923] 
[923] 
[923] 
[923] 
[920] 
[923] 
[926] 
[926] 
[ 3 3 8] 
[875] 
[923] 
[923] 
[ 9 2 6] 
[ 312] 
[920] 
[920] 
[866] 
[929] 
[908] 
[938] 
960 970 980 990 1000] 
. ] 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco (19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3 - 1 
RATGCTAGATTTCTGCAAAGARAAGGGCGTAACTTCCAAGATTGARGTTG 
AACTCTAGATTTCTGTGCAGAGAAGAAGGTATCATCGATGATTGAGGTTG 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . 
G. TG .. T .. G ..... CAA .. . A . .. GGAT .GA . T .. CCA ... C . . A . . GA 
G. TG .. T .. G ..... CAA .. . A .. . GGAT .GA . T .. CCA ... C . . A . . GA 
G. TG .. T .. G ..... CAA .. . A . .. GGAT . GA . T .. CCA ... C . . A . . GA 
G . TG .. T .. G ..... CAAG .. A ... GGA .. GG . C .. C ........ A . . GA 
.. TG ........... CAAC .. A .. AGGAA .. A . T .. C . CA ..... A ... . 
G. TGT .G .. G .. T .. GAA ....... GGCC .. A . C .. C ........ AA .. . 
G . TGT .... G .. T .. GAA ....... GGTC .. A . C .. C ........ AA .. . 
G . TGT . G .. G .. T .. GAA ....... GGTC .. A . T .. C ........ AA .. . 
. . TG . . . . . . . . . . . CAA . . . . . . AGGT . . GA . T : . ACA . . . . . . . A . A . 
.. TG ..... C ..... CAA ...... AGGT .. GA . T .. ACA ....... A . A . 
.GTGT .G. C ...... CAA ...... AGG. C . TA .G .... C ...... AAC .. 
G. TGG.G ..... GGC .. G. A . AC . C .. CA . CA .GG .. GAT ...... C . CA 
Arabid. ELI3-2 .. TGA ..... A .GGCC .GGA . AC . C .. CA . CA . TG .. GAT ...... C .. A 
Parsley .. TG .. T ..... TGCA ... C . AC . C .. CA .. A . TG. CGATG ....... . A 
Alfalfa p1178 G. TG .. C ........ C .GCA . AC . C .. CA .. A . TG. AGAT ...... T . GA 
Stylosanthes 1 G. TG .. T .......... G. A .. C . T .. CA .. G. TG. A . AT ...... C . GA 
Stylosanthes 3 .. TGA . T ..... T . CCC . . A .AC . T .. T .. GAAGC . TGA ..... . A ... . 
[973] 
[973] 
[973] 
[973] 
[973] 
[970] 
[973] 
[ 97 6] 
[ 97 6] 
[ 3 88] 
[925] 
[973] 
[973] 
[ 97 6] 
[ 312] 
[970] 
[970] 
[916] 
[979] 
[958] 
[988] 
CAD Nucleotide equence Alignment A-12 
1010 1020 1030 1040 1050] 
. ] 
Moda l 
Pi ne A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco (19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3-1 
Arabid. ELI3-2 
Parsley 
Alfalfa p1178 
Stylosanthes 1 
Stylosanthes 3 
TGAAGATGGATTATATCAACACTGCCATGGAAAGGCTGGAGAAGAATGAT 
TGGGCCTGGACTACATCAACACGGCCATGGAAAGGTTGGAGAAGAACGAT 
............................. A . . . ................ . 
. . . . . . . . . . . . . . . . . . . T . . T . . . . . . . . . . . . C . T . TT . . . . . . . . . 
. CAAGA . . . . T . . TG . . . . . . . C . . . C . A . . G . . . C . C . . . . . . . . T . . . 
. CAAGA . . . . T . . TG . . . . . . . . . . . C . A . . G . . . C . C . . . . . . . . T . . . 
. CAAGA . . . . T . . TG . . . . . . . . . . . C . A . . G . . . C . C . . . . . . . . T . . . 
. CAAAA . . . . T . . T . . . . . . . . A . . AT . C . . G . . . C . T . . . . . A . . T . . . 
. . AAGA . . . . T . . . . . A . . . . . C . . TT . T . . G . . . . . . . . . . . . . . . . . . 
. . AC . A . . . . T . . . . . T . . . . AA . . TT . T . . . . . A . . . . . . . . . . . T . . . 
. . ACTA . . . . T . . . . . T . . . . . A . . TT . T . . . . . A . . . . . . 
. AACTA . . . . T . . . . . T . . . . AA . . TT . T . . . . . A . G . A . . . . . . . T . . . 
.. AAAA .... T .. T ........ T .. A ..... G ........... A .. T .. . 
.. AAAA .... T .. T ........ T .. A ..... G ........... A .. T .. . 
.. AAGA . C .. TG . GC . T .... TT .. GT . T .. G ... C . TCGC ........ . 
. CTCTGC ... T .. TG ....... C ......... C .. C . T . CA ... GCT .. C 
. CTCTGCC . . T . . TG . . . . . . . C . . . . . . . . . C . . C . A . . . . . AGC . . . C 
. CCCGG ....... TG . G ..... A .. A . .... G .. AC . T . T ... ATCT .. . 
. TAAGA .. C . TG . A ..................... C . TC . C .. AGCT .. . 
. TAAGA .... TG . G ........ T .. T .. A . ..... C . CAGC .. AGCT .. . 
. TC CAA .... T .. TG . T .... TT .. A . .. C .. C . TC . T . CT .. AGCT .. . 
[1023] 
[1023] 
[1023] 
[1023] 
[1023] 
[1020] 
[1023] 
[1026] 
[1026] 
[ 429] 
[ 975] 
[1023] 
[1023] 
[1026] 
[ 312] 
[1020] 
[1020] 
[ 966] 
[1029] 
[1008] 
[1038] 
1060 1070 1080 1090 1100] 
. ] 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa p1180 
Tobacco (14) 
Tobacco ( 19) 
Arabid. gDNA 
Arabid. PRL2 
Arabid. ELI3 - 1 
GTCAGGTACAGATTTGTGGTKGATGTTGCTGGAAGCWTRAAGCTTRTKAC 
GTCCGTTACAGATTTGTGGTGGATGTTGCTGGAAGC- - - GAGCTA-----
............................... C .... - --A ... . G-----
.......................... G .... C .... - - - A . T .. G- - - - -
. .. A .G ..... G .. C .. C ..... C .. C . TG ...... - - - A . ... T- - - - -
... A .G ..... G ..... C ..... C .. C . TG ...... - - - A . ... T- - - - -
... A .G ..... G .. C .. C ..... C ..... G ...... - - - A . ... T- - - - -
. . GA . A . . T . . . . . C . . T . . C . . . . . . . . . . . T . . . - - - A . . . . TATT- -
. . GA . G . . . C . T . . . . . T . . A . . . . . . . . C . . C . . . - - - A . A . . T- - - - -
.. GA . G .. T .. G .. C .. T ........ CAAA ..... T- - - A . AT . T- - - - -
. . AA . G . . T . . G . . C . . T . . . . . . . . CAAA . . . . . T- - - A . AT . T - - - - -
. . GA . G . . . . . . . . . . . . . . T . . . . . . AT . . . . . . . . - - - A . . . . T- - - - -
. . GA . C . . . . . . . . . . . T . . T . . . . . . . . . . . . . . . - - - A . . . . T - - - - -
. . T . . . . . . . . . . . . . . . . . T . . . . . . . . A . . . . . T- - - A . T . . GGTG- -
.. TAAG ... C ........ A . T ........ CAAC . CGATGA .. ---- - -- -
Arabid. ELI3 - 2 .. TA .G ... C . C ...... A . T ........ CAAC . CATTGA .. --------
Parsley .. T . . A .... . G ..... CA . C ........ CAAT . CAATAA .. ------AC 
Alf a 1 fa p 1 1 7 8 .. GAAA .. TC . G ...... A . T ..... G .. CAACTC . T . C 
Stylosant hes 1 .. TAAG .. TC . C ..... CA . T ........ AAACTC . TTA 
Stylosanthes 3 . .. AAG . . TC . C .. C . . AA . T ........ AAAC. CACTCA . A--------
[1065] 
[1065] 
[1065] 
[1065] 
[1065] 
[1062] 
[1068] 
[1068] 
[1068] 
[ 429] 
[1017] 
[1065] 
[1065] 
[1071] 
[ 312] 
[1062] 
[1062] 
[1010] 
[1068] 
[1047] 
[1080] 
_ __.. 
CAD Nucleotide equence Alignment 
Modal 
Pine A 
Pine B 
Spruce 
E. gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
1110 1120 1130 1140 
CGATSAGRAAGCTYCAWCCACAAGTACTACAAACCCTAATTTGTAA 
- GAT-------------------------- -AAC---------TAG 
- .. . ---AAA--------------------------------- .. A 
----CAC----------------------------- ------- . GA 
- .. . CAAGAA---------ACA---------------------. GA 
- . . GGAG----------------------- '------------.GA 
Sub Clover ------------------------------------------- . GA 
Alfalfa p1180 - . . GGAG------------------------------------.GA 
Tobacco (14) - .. CCAG------------------------------------ .. A 
Tobacco (19) - . . CCAG------------------------------------ .. A 
Arabid. gDNA - . . GGAG---GCTGCA---ACA---ACTACA .. . -------- - . . A 
Arabid. PRL2 ------------------------------------------- . . A 
Arabid. ELI3-1 -------------CCA---------ACT------CCT----- - .. A 
Arabid. ELI3-2 -------------------------CCT--- .. TCCTAATTTA .. A 
Parsley C---GAG--------------------------------- --- . GA 
Alfalfa p1178 -------------TCA------AGT---------------TTG .. . 
Stylosanthes 1 -------------TCATCC ---AGT------ ... ACC-- - ATG .. . 
Stylosanthes 3 --------------CCAACC------TCT------- --------.GA 
A-13 
[1074] 
[1074] 
[1074] 
[1071] 
[1071] 
[1068] 
[1074] 
[1083] 
[1077] 
[ 432] 
[1026] 
[1074] 
[1074] 
[1098] 
[ 315] 
[1074] 
[1080] 
[1017] 
[1080] 
[1068] 
[1092] 
-CAD Peptide Sequence Alignment 
B -1 
Appendix B 
Alignment of CAD Peptide Sequences 
Peptide sequences were aligned as per chapter 5, section 5.2.2. The sequences, accession numbers and tissue sources are also listed in Table 1.1. The Table A-1 in Appendix A shows the sequence names as per the alignment, and indicate the species plus whether the source is from cDNA or genomic DNA (gDNA). 
The consensus sequence lists only those positions in which residues are conserved across all sequences in the alignment. IUPAC amino acid codes are used throughout. Serine is represented by the two character states 1 and 2 after Maddison & Maddison (1992) in all sequences except the consensus. Serine is disjunct in the nuclear code as two evolutionary steps, whereby it passes through an intermediate amino acid, are required for it to mutate from state 1 to state 2. The two states for Serine including third codon ambiguity are as follows: 
1 - AGC 
T 
or 2 - TCA 
C 
G 
T 
Group functionality is shown in Table B-1 (Branden & Tooze, 1991; Price & Stevens, 1989) and includes the colour coding used in the multiple sequence alignment. Glycine and Praline are listed separately as they have special structural properties even though they are normally considered as hydrophobic residues. Glycine has the highest conformational freedom of all the amino acids. When located at a specific position in a folded structure it usually has only one· conformation, but in non folded structures of the same protein it contributes to the diversity of unfolded conformations. Praline however reduces conformational freedom in unfolded structures since its side chain is fixed by a covalent bond to the main chain. Generally, mutation of glycine to any other residue and an increase in the number of Praline residues results in stabilisation of the native protein structure (Branden & Tooze, 1991). However, where such changes occur they must not alter confirmation of the main chain or introduce unfavourable side chain interactions. 
~ 
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CAD Peptide Sequence Alignment B-2 
1 
Amino Acid Residue Name IUPAC code 
Hydrophobic - non polar R group: Alanine . A 
Valine V 
Leucine L 
Isoleucine I 
Phenylalanine F 
Methionine M 
Charged R group: 
Acidic Aspartic acid D 
Glutamic acid E 
Basic Lysine K 
Arginine R 
Histidine H 
Polar - uncharged R group: Serine s (1 or 2) 
Cysteine C 
Tyrosine y 
Asparagine N 
Glutamine Q 
Threonine T 
Tryptophan w 
Others: Glycine 
Praline ? 
CAD Peptide Sequence Alignment 
Pine A 
Pine B 
Spruce 
E . gun . 
E . gun . gDNA 
E . bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa P1180 
Tobacco (14) 
Tobacco (19) 
Arabidopsis gDNA 
Arabidopsis PRL2 
Arabidopsis ELI3-1 
Arabidopsis ELI3-2 
Parsley ELI3 
Alfalfa P1178 
Stylosanthes 1 
Stylosanthes 3 
Consensus 
10 20 30 40 50 60 70 80 90] 
. ] 
M- 2-LEl - E--KTVT YAARD12 HLl PYTYNLRKK PEDVI I YC I CHl DLVQMRNEM Ml HYPMVP HEW IVTEI 2EVKKF 
. - .. - .. ·. - . --R .................. . T .. N ....... . R .............. H ..... . N ........... V .......... . 
. - . . - .. K-. - -R . T .. W .... P l . V ...... 2 .. NT .... LYI .. L2 .. V .. 2 . I H. I K. DL ............... E . L . V . 1 .. T . Y 
. - .. - .. K-. - -R . T . . W .... P l . V ...... 2 .. NT .... LYI .. L2 ..... 2 . I H. I K. DL ............... E . L . V . 1 .. T . Y 
. - .. - .. K-. - -R . T .. W .... P l . V ...... 2 .. NT .... LYI .. L2 ..... 2 . I H. I K. DL ............... E . L . V . 1 .. T . Y 
. - .. - .. T - . - -RK IV . W .. T .. T ... A .... 2 .. DT ..... FI ... 2 . . V .. T . I H. I K. DL ............... E . V . V . l D . TR . 
. - .. - .. A- . --RKT . . W .... P l . V ...... T .. ET ..... FI . I ....... T . I H. I K. DL . A . N ........... E . V . V . l D . T .. 
. - .. - I . AA . - -R . TV . L .. K. P l . I . T .... T .. NT .. D .. YI . I H ... V ..... H. I K. DL ... N ........... E . L . V . lN . TR . 
------------------------------------------------------------- -------
. RYR I . T . . . . T . . NT . . D . . YI . I H . . . V . . . . . H . I K . DL . . . N . . . . . . . . . . . E . L . V . lN . TR . 
. - . - .. V- . - - .. T I . W .... P l . V ...... T .. NT ..... E ... L ... L .. T .. H. VK . DL ... N .. L ........ E . V . V . PD . 1 .. 
. - . . - . DV - . - - . l AI . W . . . . P 1 . L . . . . . . T . . NT . . . . . Q . . . L . . . L . . 2 . . H . VK . DL . . . N . . L . . . . . . . . K . V . V . AD . 1 . . 
. - .. V- . A . - - . KAL . W .... P l . V .... 1 . T .. 2T . AD .. YI ... C ..... T . I H . I K. DL ... N ........... E . L . V . l D . 2 .. 
. - . I - M. A- . - -RKT .. W .... P l . I ...... T .. ET ..... NI RI . C ..... T .. H. TK. DL ... N ........... E . V . V . l D . 2 . . 
• • ... '-V • Q- - - - - . EAF . L .. K. Nl . V ... F 2 F l R. AT . EK .. RF .. LF ..... T .. 2MAK .. W. LTT .. L ..... I .. V ... V . "AK ..•. 
. - . KV . Q- - - - - . EAF . L .. K. Nl . V ... F 2 FTR. ET . EK .. RF .. LF ........ HMVK .. W ... T .. L ..... I .. V ... V . "AK . T .. 
I . . . FKF 1 R . AT . DN . . RF . . L . . . V . . . . . HMVK . . W . . TT . . I . . . . . I . . R . . . V . . K . E . . 
1 ? . T-. LPLKAF . W .... Tl . T ... FHF l R . EN . DD .. 2 .. IL ... V ..... HTLK. DW. FTT .. V ..... I .. V .. KV . I N . . . . 
. - Al 1 - - - - - - - - KAF . W .. K. Al ..... FHFTR. QNEAD .. TL . IL ... V ..... HTVK . DW. FTT .. V . .... IA . ... KV .. N . T .. 
. EAl QV . F - . H- RKAF . W ..... l . L ... FNFl R. DI . E ... ALE . L ...... T . . HMAK . DF . N . I .. Y . .... . I ... A . V . . K . E . Y 
M- - ----- - E - P---- - AA- D----L- P-----R-----D-------C - CH-D-----N-- ---YP - VP HE-- - V--- --V---
B-3 
[85] 
[85] 
[85] 
[85] 
[85] 
[85] 
[85] 
[85] 
[ 8 6 J 
[ 1] 
[ 69] 
[85] 
[85] 
[86] 
[85] 
[84] 
[84] 
[66] 
[88] 
[81] 
[89] 
[ 3 0 ] 
CAD Peptide Sequence Alignment 
Pine A 
Pine B 
Spruce 
E . gun. 
E . gun . gDNA 
E . bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfa l fa P1180 
Tobacco (14) 
Tobacco (19) 
Arabidops i s gDNA 
Arabidops i s PRL2 
Arabidops i s ELI3 - 1 
Arabidopsis ELI3 - 2 
Parsley EL I 3 
Alfalfa P1178 
Stylosanthes 1 
S t ylosanthes 3 
Consensus 
10 0 11 0 120 130 1 4 0 150 160 170 180) 
. ] 
KV EHV V CIV 1C - R2C NCNQ2MEQYC2KRI WTYNDVNHD TPTQ FA22MVVDQMFVVRIPENLPLEQAAP - LLCA VTVF2 PMK 
- -. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. .............. - . . . 2 ... . ... . ............................................... - . .... .. . Y ... . 
R .. DR .. T-. Iv .. C . - ... 2 P .. lDQ .... N .K .. N .... YT .. K ....... E I .. ER ... K .. D . El .... . - . M ..... . Y .. LV 
R . . DR . . T . IV . . C . - . . . 2 P . . 1 DQ . . . . N . K . . N . . . . YT . . K . . . . . . . E I . . ER . . . K . . D . E 1 . . . . . - . M . . . . . . YR . LV 
R .. DR .. T . IV .. C . - .. . . P .. lDQ .... N . K .. N .... YT .. K. . . . . . . E I . . . R ... K .. D . El .. D . - - VM . ..... Y .. LV 
... DV .... V ... 2 . -KN . H? . Kl E I .... N . K .. 1 .... YT .. K ....... El ... H.K ...... D Ml ..... - ..... L .. Y . . L . 
. . . DC . . D . T . . . C . - KT . RP . KADV . . . . N . K . . 1 . . . . YT . . K . . . . . . 1 H . . . . . K . . . K . . D MAP . . . . . - . . . . . . . . Y . . LT 
. . . . I . . . . LL . . C . - K . . RA . D 1 E I . . . . N . K . . 1 . . . . YT . . KI . . . . . . E 1 T . . E . K . . . K . . . . AP . . V . . - . . . . . . . . Y . . L 1 
----- - - - ---- - ----------- - ---------------- -- - - ------ - --------- - -- - --- - -- -- ---------- -------
. ... I .. . . LL .. C . -K .. RA . DlEI . . . . N . K .. 1 .... YT .. KI .... . . El T .. E . K ... K. . . . AP .. V .. - ....... . Y .. L l 
. . . DT . . . . LL . . 2 . - . N . . P . KRD I . . . . N . K . . NC . . . YT . . K . . . . . . . K 1 . . . . . K . . . K . . . MAP . . . . . - . . . . . I . . Y . . LN 
... DT .... LL .. 2 . - . N .. P . KRE I .... N . K . . NC . . . YT .. K ..... . . Nl ..... N ... K . . . MAP ... . . - . .. .. I . . Y .. FN 
T . . DV .... W .. C . - .. KP . 2 lEL ... . N .. . . 2 .... YT .. K ....... DT . I . N . K ... K. . . MAV . .... - .. . .. . . . Y .. L2 
T .. DI ..... L .. - . F . 2--------- - --- - - - --------------------------------- - ----- -- - -- - ---------
NA . DK . ... YMA . .. - . 1 . D2 . . D D . N .. P . M. L . 1 AK . F . D . M. H . . YlDH .. CAED . I I ... D ... . D . . . - ....... . Yl . . . 
. T .. K .. . .. L . 2 .. - 1 . D2 . TE . . N .. P . 1 . Q .. FPYY . N . I . Y .. YlDH .. CEE .. I ... D .... DA ... - . . ... I . . Yl .. . 
... DA .. ... L .. . . - L l . E .. DDDl . NN . A . QVQ .. AFT . V .. 2 I . Y .. Y . Dl .. A .. H .. L . W ...... Dl .. - ..... I . TY .. LR 
R .. DN .. . . V . . E .. - QT . E .... DL .... P . PVF ... - l PYK .. R . Y .. YlDFV .. H . RY .. QF . D .... DA . . - ..... I . . Y ... . 
. E . DR . ... V .. D . . - QE . EC . Q . DL . 2 .. P . PVF ... - l PYK . . R . . . . YlDFV .. H . R .. LQF . D . . .. DA .. - ..... I . . Y ... . 
. . . DK . . .. YF . E . . - . 1 . Q .. I DNL .N .. P . H. L . Q .KHI ... T . Y .. YlDl .... EH .. T .... .. . DC 111 .. W. Y2-H .. L . 
- - --v - -- - - - c ---c - -c- ---E--C-K--------------T- -------------- - P-------------c - ----- ) __ 
B-4 
[173) 
[173) 
[173) 
[173) 
[173) 
[172) 
[173) 
[173) 
[174) 
[ 1 ] 
[157) 
[173) 
[173) 
[174) 
[104) 
[172) 
[172) 
[154) 
[175) 
[168) 
[177) 
[47) 
CAD Peptide Sequence Alignment 
Pine A 
Pine B 
Spruce 
E . gun. 
E. gun. gDNA 
E. bot. gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa P1180 
Tobacco (14) 
Tobacco ( 19) 
Arabidopsis gDNA 
Arabidopsis PRL2 
Arabidopsis ELI3-1 
Arabidopsis ELI3-2 
Parsley ELI3 
Alfalfa P1178 
Stylosanthes 1 
Stylosanthes 3 
Consensus 
190 200 210 220 230 240 250 260 270 ] 
. ] 
HFAMTE- P KKC ILL V HL VK IAKAF LHVTVI 2 11D-KKKEEAMEVL ADAYLV2KDTEKMMEAAE2LDYIMDTIPVAHPLEPY 
. ..... - .............. . M .................. . - ............................................. . . 
... - .............. . M ................... - ...... L ............ . A .. . Q ................. .... . 
R. LKQ- 2 -. LR .......... M . ...... M . H ......... - .. RT .. L . H ......... 1 . EN . K .. TDl .... F ..... V . .... . 
R. LKQ- 2 . LR .......... M ....... M.H ......... - .. RT .. L .H ......... 1 . EN .K .. TDl ... VF ..... V ..... . 
R. LKQ- 2 . LR .......... M ....... M.H ......... - .. RT .. L .H ......... 1 . EN .K .. TDl .... F ..... V ..... . 
LKQ- 2 . LR .......... M . ...... M . H ......... - .. R ..... H .... E .... 1 . V . 2 . QK .. DQ .... I .. V . . V . .... . 
LK. I 2 . LR ......... . M .. . L ... M.H ......... - ...... IDH ......... l . ATQ . Q ... Dl .... I .. V .. F ..... . 
LKT - .. LR .......... M . .. V . .. L . H ......... - ... K .. L . D .... N .... 1 .. V . Q ... Dl .... I .. V . . . .... . 
- - - - - - - - - - - - - - - - - - - - - - - - ........ H ......... - ... K .. L . H .... N .... 1 .. V . Q •.. Dl .... I .. V . . . .... . 
LKT- .. LR .......... M . . . V ... L . H ......... - ... K .. L . D .... N .... 1 .. V . Q ... Dl .... I .. V . . . .... . 
FKQ-2 . LR .......... M . ...... M . H ........ N- .. RQ .. L . H .... D .... 1 .. D .. Q .. lDl .... I .. V . . . .... . 
FNQ - 2 . F R .......... M . ...... M . H ........ N- .. RQ .. L . H .... D .... 1 .. D .. Q ... Dl .... I .. V . . . ... L . 
LMA - 2 . L . . . . . . . . . . . M . . . . . . . M . H . . . . . . . . . - . . . . . . I . H . . . . D . V . . 1 . ? AE . Q RL . D 1 . . . . I . . V . . F . . . D . . 
-- ---- --- - -------------------------------------------------------------------- ---------
YH LDK- .. MHI . W .... L .. VA .. F ... M. TK ..... T . E -R. RD .. VTR ..... F ... R. ? KQ . KD . M TM . . I .. Vl AT ... L . L 
YH LDK - .. MH I . W .... L .. V ... F ... M. TK ..... T . E - .. RD .. I NR ..... F ... R . PKQ I KD . M TM . . I . . Vl AT . 1 . L . L 
YH LDK- .. T . V . W .... L .. VA .. M ..... A ...... T . E - 2 .. Q .. L . K .... EF ... 2 . 2DQ . QA . T T . H . I .. Vl AL .. W . L 
YY ... - ... HL . VA .... L .. VAI . F ..... K ..... T . P - N . ET .. IDK .... l F .. l .. P ... KA . M TM ... I ... l A .. l . M. L 
YY ... - ... HL . VA . ... L .. VAI . F ..... K .. ... 2 . P - N . El .. ID ..... l F . Lll . P ... KA . T TM ... I ... l AV . 1 . Vl L 
YY LDK- .. LHV . W .... L .. MVA . F .. TH .. KI .... T . PPT ..... I KN .... l F ... R. PDQ . EAPK. T . . . I .. Vl AD . 1 IV . L 
- - ---- - - - -- -- L - H---K--K-- ---TVIS - S ---K--EA---L AD----S - D---------------DT- ---H-----
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CAD Peptide Sequence Alignment 
Pine A 
Pine B 
Spruce 
E . gun. 
E . gun. gDNA 
E. bot . gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa P1180 
Tobacco (14) 
Tobacco ( 19) 
Arabidopsis gDNA 
Arabidopsis PRL2 
Arabidopsis ELI3 - 1 
Arabidopsis ELI3-2 
Parsley ELI3 
Alfalfa P1178 
Stylosanthes 1 
Stylosanthes 3 
Consensus 
280 290 300 310 320 330 340 350 3 60] 
. ] 
LALLKTN KLVML WPEPLHFVTP_ 1LIL RR2 IA 2 FI MEETQETLDFCAEKKVllMIEW LDY I NTAMERLEKNDVRYRFWDVA 
. ....................... . L .............. 2 ............................... . K ............. .. . 
. . . . . . . . . . . . . . . . . . . . . . . . . L .............. 2 ................................... V .......... .. . 
..... LD ... ILT .. I NA .. Q . I 1 . MVM ... Kl . T ..... 2 . K .. E . M . E .. K. . LT . Q ... I KM .. V ... L ............... . V 
..... LD ... ILT .. I NA .. Q . I 1 . MVM ... Kl . T ..... 2 . K .. E . M. E .. K. . LT . Q ... I KM .. V ... L .............. .. V 
..... LD ... ILT .. I NA .. Q . I 1 . MVM ... Kl . T ..... 2 . K .. E . M. E .. K. . LT . Q ... I KM .. V ... L ............. ... . 
. 1 ... LD ... ILM .. I NA .. Q .... MVM ... Kl . T ..... 2 . K .. E . M. E .. K. . . A ..... I KM ...... F ............. ... . 
. 1 ... LD ... ILM .. I NT .. Q. I 1 . MVM ... KA . T ..... 2 . K .. E . M .... N. . I T . T .... KM ...... F ............... . . 
. 1 ... I D ... ILM .. I NT .. Q .... MVM ... Kl . T ... V . 2VK .. E . M. E . WK . . LT .... I . TM .... K. F ............... . K 
. . . . . . D ... ILM .. I NT .. Q .... MVM ... Kl . T ... V . 2VK .. E . M. E . WK . . LT .... I . TM ...... F ... . 
. 1 ... I D ... ILY .. I NT .. Q .... MVM ... Kl . T ... V . 2VK .. E . M. E . WK. . LT .... I . TM .... K. F .. WK ........ .... K 
. 1 ... I D ... ILM .. I NT .. Q . I 1 . MVM ... K .. T ..... 2 . K .. E . M .... K. . . T . Q .. I . KM ....................... I 
. 1 . . . ID . . . IL I . . I NT . . Q . I 1 . MVM . . . K . . T . . . . . 2 . K . . E . M . . . . K . . . T . Q . . I . KM . . . . . . . . . . . . . . . 2 . . . . . . . . 
. . C .. LD ... ILM .. I NT .. Q .... LV .... KV . 1 ..... 2 I K .. E . V . A .. K. . LT . T .. T . KI . EL . I . F ... R ......... ... . 
------- ----------------------------------------------------------------------------- ----
. . . NK ..... V . A' A ... ELPVF ... F .. KMW .. MV .. I K .... MV . LA KHNI TAD .. LI l A .. V ....... A . A .. K .... I .. . 
. . . HK ..... V . A EK .. ELPVM ... FE . KMVM .. M . .. I K .... MI . MA KHNI TAD .. LI l A .. V ......... A ..... .. ] .. . 
. . .. V ...... V . A EK .. EL PVF .. LM .. KVL ... N ... LK .... M ... A . QHNI TADV .. I V .. V ....... V . 1 .... ... I .. . 
... L ..... TV . L 2K .. ELl VF .. VA .. KL . . . N .... K .... M. . . . KHNI TAD .. LIKMHE ........ H . A .. K .... I .. . 
. . . L ..... TV . L 2K .. QLPIF .. VA .. KL ... NF .. LK ... . M .... KHNIAAN .. LIKM . E .... I ... 2 . A .. K .... I .. . 
I ... l H .... LI . AIEK .. EL 1PF ...... KLV . TLV .. LK ... . MI . . l PKHN.K E .... 'M .. V . I .. Q . . A . A . . K .... I .. . 
---LK-- KL--- ---- rL----------R---- --- ---ET- E--------------E---- ---N- A--R--K-DV-YRFV-DV-
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CAD Peptide Sequence Alignment 
Pine A 
Pine B 
Spruce 
E . gun . 
E. gun . gDNA 
E . bot . gDNA 
Poplar 
Aralia 
Alfalfa 
Sub Clover 
Alfalfa P1180 
Tobacco (14) 
Tobacco ( 19) 
Arabidopsis gDNA 
Arabidopsis PRL2 
Arabidopsis ELI3-1 
Arabidopsis ELI3-2 
Parsley ELI3 
Alfalfa Pl178 
Stylosanthes 1 
Stylosanthes 3 
Consensus 
- -
370 380] 
] 
2-EL--D---------N---* 
A . -K . -- . --------- . --- . 
A . -N . -- . -K----------- . 
. . -K . -- . ------------- . 
.. -K .- - . ------------- . 
. . -K . --.------------- . 
. . -K . I --H------------ . 
. . -K .--. QE---T--- ---- . 
. . -KF--EE------------ . 
---------------------
. . -KF--EE------------ . 
. . -K.-- . Q------------ . 
. . -K . -- . Q------ ------ . 
. . -N . V- EE - AA-T-TT . ---. 
---------------------
NTMK------- P---T--? --. 
NTLK- ---------- P- . DNL . 
NTI K- -T-E------------ . 
Nl--F------1--2-----L . 
Nl L-----~--11-2--.T-M . 
NTLK------- ?T--1--- --. 
-----------------N---* 
[ 3 58] 
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[ 342] 
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[ 3 6 6] 
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[ 3 58] 
[ 3 60] 
[ 3 3 9] 
[ 3 60] 
[ 3 5 6] 
[ 3 64] 
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B-7 
Parsimony Stepmatrix 
Appendix C 
Step Matrix for calculating 
Maximum Parsimony Amino Acid Trees 
C-1 
PAUP version 3.1.1 (Swofford, 1993) was used to calculate maximum parsimony 
amino acid equence trees using the step matrix below which is modified from the 
PROTPARS substitution matrix of weighted character states of Felsenstein (1993). 
IUPAC amino acid codes were used except for Serine which was identified by the 
number 1 and 2 due to it existing as two disjunct codon states (see also appendix B). 
The stop codon is indicated by - * . 
A C D E F G H I K L MN p Q R T V W Y * 1 2 
[AJ 2 1 1 2 1 2 2 2 2 2 2 1 2 2 1 1 2 2 2 1 2 
[CJ 2 2 2 1 1 2 2 3 2 3 2 2 2 1 2 2 1 1 1 1 1 
[DJ 1 2 1 2 1 1 2 2 2 2 1 2 2 2 2 1 2 1 2 2 2 
[ E J 1 2 1 2 1 2 2 1 2 2 2 2 1 2 2 1 2 2 1 2 2 
[ F J 2 1 2 2 2 2 1 3 1 2 2 2 2 2 2 1 2 1 2 1 2 
[ G J 1 1 1 1 2 2 2 2 2 2 2 2 2 1 2 1 1 2 1 2 1 
[HJ 2 2 1 2 2 2 2 2 1 2 1 1 1 1 2 2 2 1 2 2 2 
[ I J 2 2 2 2 1 2 2 2 1 1 1 2 2 2 1 1 2 2 2 2 1 
[ KJ 2 3 2 1 3 2 2 2 2 1 1 2 1 2 1 2 2 2 1 2 2 
[ L J 2 2 2 2 1 2 1 1 2 1 2 1 1 1 2 1 1 2 1 1 2 
[MJ 2 3 2 2 2 2 2 1 1 1 2 2 2 2 1 1 2 3 2 2 2 
[NJ 2 2 1 2 2 2 1 1 1 2 2 2 2 2 1 2 3 1 2 2 1 
[ p J 1 2 2 2 2 2 1 2 2 1 2 2 1 1 1 2 2 2 2 1 2 
[ Q J 2 2 2 1 2 2 1 2 1 1 2 2 1 1 2 2 2 2 1 2 2 
[ RJ 2 1 2 2 2 1 1 2 2 1 2 2 1 1 2 2 1 2 1 2 1 
[ T J 1 2 2 2 2 2 2 1 1 2 1 1 1 2 2 2 2 2 2 1 1 
[VJ 1 2 1 1 1 1 2 1 2 1 1 2 2 2 2 2 2 2 2 2 2 
[WJ 2 1 2 2 2 1 2 2 2 1 2 3 2 2 1 2 2 2 1 1 2 
[YJ 2 1 1 2 1 2 1 2 2 2 3 1 2 2 2 2 2 2 1 1 2 
[ * J 2 1 2 1 2 1 2 2 1 1 2 2 2 1 1 2 2 1 1 1 2 
[ 1 J 1 1 2 2 1 2 2 2 2 1 2 2 1 2 2 1 2 1 1 1 2 
[ 2 J 2 1 2 2 2 1 2 1 2 2 2 1 2 2 1 1 2 2 2 2 2 
orrections & Addition al Comments D-1 
Appendix D 
Corrections and Additional Comments 
Page Location 
Title and Introductory Pages 
v • Add AIR - alcohol insoluble residue 
• Add FA - ferulic acid 
• line 34, change 'Isopropyl-b-D-thiogalactopyranoside' to 'Isopropylthio-~-D-
galactopyranoside' 
v1 • Add PA - p-coumaric acid 
v111 • line 25, change ' .. Polymorphism's' to ' .. Polymorphisms' 
xi • line 17, change '4.3.2.4 Construction of vector pTsCAD2' to '4.3.2.4 
Construction of recombinant plasmid pTsCAD2' 
• line 20, change ' .. CAD from sub. clover with other plant species.' to ' .. CAD 
from sub. clover with CAD sequences from other plant species.' 
Chapter 1 
1.1 • line 13, change ' .. the three cinnamyl alcohols - p-coumaryl, guaiacyl and 
sinapyl alcohol.,' to ' .. the three cinnamyl alcohols - p-coumaryl, coniferyl and 
sinapy 1 alcohol, .. ' 
• line 14, change ' .. which is the last step .. ' to ' .. which catalyzes the last step .. ' 
1.11 • line 12, change ' .. of the pathogen, .. ' to ' .. of the fungus, .. ' 
1.13 • line 27, change 'Another and more .. ' to 'Another more .. ' 
• line 30, change 'CAD when higly purified typically .. ' to 'CAD typically .. ' 
1.14 • line 12 & 18, change ' .. Polymorphism's' to ' .. Polymorphisms' 
1.16 • To 'e' of the Notes add 'A value of 0 indicates no activity detected with 
substrate when tested.' 
Chapter 2 
2.1 • line 9, change ' .. and whether was .. ' to ' .. and whether it was .. ' 
• line 16, change ' .. was production .. ' to ' .. was the production .. ' 
• line 19, change ' . .is the .. ' to ' . .is a member of the .. ' 
2.2 • line 8, change ' .. polymorphisim .. ' to ' .. polymorphism .. ' 
2.3 • line 9, change ' .. bee .. ' to ' .. be .. ' 
2.15 • In respect of Fig. 2.3 CAD4 was in low abundance and was difficult to 
reproduce in photographs thu it is not indicated in Fig. 2.3 but is shown in the 
schematic outline of Fig 2.5. 
2.19 • line 37, change ' .. wherea coniferyl alcohol only .. ' to ' .. wherea for coniferyl 
alcohol it only .. ' 
( 
orrection & Additional Comment D-2 
2.20 • line 1, change ' .. margin than doe in .. ' to ' .. margin than in .. ' 
• line 2, change ' .. while coniferyl alcohol increa ed .. ' to ' .. while coniferyl 
alcohol only increa ed .. ' 
• Fig. 2.6 doe not how any tati tical error for the values of 'Total CAD Activity 
per gram of fresh wt' since extraction and purifications in general proved to be 
extremely difficult to repeat when performing replicate experiments thereby 
limiting the use of thi type of experiment. 
• For imilar rea on as mentioned above a statistical analysi of the values shown 
in Table 2.5 (page 2.40) were not obtained for Clover. 
• 'CAD Activity' in Fig. 2.6 is expressed in Units as defined in section 2.2.2.18. 
2.29 • line 14, change ' .. different allele's at a single gene .. ' to ' .. different allele at a 
ingle locus .. ' 
2.32 • change Fig. 2.11 'Ph 6.5' to 'pH 6.5' 
• change Fig. 2.11 '( 40% - 80% fraction)' to '(50% - 80% fraction)' 
2.34 • change the legend of Fig. 2.12 ' .. collected of the .. ' to ' .. collected off the .. ' 
2.36 • line 5, change ' .. was often the loss all the .. ' to ' .. was frequent loss of all the .. ' 
• line 17, change ' .. onto PVDF .. ' to ' .. onto a PVDF .. ' 
2.37 • line 26, change ' .. of the enzyme.' to ' .. of the endoproteinase.' 
• line 32, change ' .. to avoid an possible .. ' to ' .. to avoid possible .. ' 
2.40 • In Table 2.5 the comparisons with other species are valid since all workers use 
the same a say. It should be noted however that in the case of multisubstrate 
enzymes the Km values are only apparent and not true values. 
2.43 • line 2, change ' .. using purification on Blue .. ' to ' .. using Blue .. ' 
Chapter 3 
3.1 • line 14, change ' .. agrobacterium .. ' to ' .. Agrobacterium .. ' 
3. 5 • line 17, change ' .. grounding .. ' to ' .. grinding .. ' 
3.7 • line 24 change ' .. but with no fragment ions were present..' to ' .. however, no 
fragment ions were present..' 
3.12 • line 32, change ' .. so .. ' to ' .. to .. ' 
3.19 • change 'a' of Notes in Table 3.2 from ' .. see Figures 5.6 & 5.7 .. ' to ' .. see 
Figures 3.6 & 3.7 .. ' 
Chapter 4 
4.5 • X-gal and IPTG olution li ted at line 1 under '2) X-gal/IPTG plates' are tock 
olution . The preparation of plates and recombinant colony election u ing these 
olution were performed a per Brown (1991). 
Brown, T. A. ( 1991). "Generation and identification of recombinant clone ", in 
Essential molecular biology, Vol. 1, A practical approach. Brown (ed. ). IRL 
Pre , Oxford U.K. Page : 161-177. 
Correction & Addition al Comments 
4.16 • line 9 & 13 of Notes to Table 4.2, change ' .. residues .. ' to ' .. bases .. ' 
4.17 • line 9 & 23 of Notes to Table 4.3, change ' .. residues .. ' to ' .. bases .. ' 
4.20 • line 3 of Fig. 4.3, change ' .. firs .. ' to ' .. first..' 
D-3 
4.23 • line 25, change 'Construction of vector pTsCAD2' to 'Construction of 
recombinant plasmid pTsCAD2.' 
• line 27, change ' .. E. Coli' .. ' to ' .. E. coli' .. ' 
• line 34, change ' .. residues .. ' to ' .. bases .. ' 
4.24 • In Fig. 4.5, change 'Hindi/I' to 'HindIII' 
4.25 • line 1, change ' .. CAD from sub. clover with other plant species.' to 
' .. CAD from sub. clover with CAD sequences from other plant 
species.' 
• It is interesting to note the low seqeunce homology (% identity) of both 
stylo anthes seqeunces when compared with alfalfa in respect of the clover 
sequence as all three species are are legun1es. This indicates that the stylosanthes 
seqeunces may be different genes and this is examined further in Chapter 5. 
4. 2 6 • line 11, change 'The full- length alfalfa .. ' to 'The translated full- length alfalfa .. ' 
4.27 • line 4, change ' .. of enzymes this work .. ' to ' .. of enzyn1es. This work .. ' 
• Further to paragraph 3, the multiple bands seen on the southern blot of Fig. 4.9 
may be acounted for by the presence of one or more restriction sites in an intron 
of the geno1nic DNA region corresponding to the CAD cDN A probe. However 
this would be unlikely if the the clover genomic seqeunce is a CAD corresponding 
to any of the three gDNA seqeunces comprising E. gunnii (Feuillet et al. 1995), 
E. Botryiodes (Hibino et al. 1994) or Arabidopsis (Baucher et al. 1995) as the 
clover cDNA does not overlap any of the intron-exon boundaries, and all the 
boundaries are conserved across all three gDNA sequences (data not shown). 
Chapter 5 
5.1 • line 21, change ' .. posses .. ' to ' .. possess .. ' 
5.7 • line 9, change ' .. estabilish .. ' to ' .. establish .. ' 
5.10 • In Fig. 5.4 line 13, note that the H residue is listed as being uncharged, it is 
however slightly basic in charge (pKa of side chain approx. 6.0). 
5.15 • line 4, change ' .. posses .. ' to ' .. possess .. ' 
Chapter 6 
6.1 • line 10, change ' .. the presence up to .. ' to ' .. the presence of up to .. ' 
• line 27, change ' .. for this substrate as also.' to ' .. for this substrate also.' 
6.2 • line 24 & 26, change ' .. posses .. ' to ' .. po sess .. ' 
6.3 • line 27, change ' .. where by .. ' to ' .. whereby .. ' 
6.4 • line 11, change ' .. pose .. ' to ' .. possess .. ' 
• line 23, change ' .. clover/agrobacterium .. ' to ' .. clover/Rhizobium .. ' 
